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CHMTER 1 
CERVICAL SMEAR PRESCREENING: AN OVERVIEW 
1.1 Introduction 
In the Netherlands, as in most western countries, approximately 
one Eoarth of all deaths are attributable to some form of cancer 
(13) . It is generally believed that when a developing cancer is de-
tected at a stage at which its extent is still limited there is a 
good chance that it can be eradicated, allowing the patient to con-
tinue to lead a normal life (7). Cancer of the uterine cervix, which 
currently causes the death of about 400 women each year in the Neth-
erlands (14), is one type of cancer with which "early detection" and 
treatment of cytologically detectable precancerous abnormalities seem 
to lead to a significant decline in the incidence of and deaths from 
later stages of cancer. 
Pre-stages of cervical cancer and invasive cervical cancer can 
be detected by taking a sample of cells from the cervix and analyzing 
them under a microscope. Ttiis test was first suggested in the 1920's 
by A.A. Babes and G.N. Papanicolaou, and developed further by Pa-
panicolaou and H.F. Traut (47). Large scale screening projects un-
dertaken in various countries since the 1950's have docunented the 
value of the cervical smear in the prevention of morbidity and mor-
tality from cancer of the uterine cervix (15). 
On the basis of these findings, it is reasonable to expect that 
deaths from cervical cancer could essentially be eliminated with a 
comprehensive population screening program to detect the prestages 
and limited stages of cervical cancer. For an effective screening 
program, every woman over 20 years of age would be examined once 
every two years for signs of cancer or possible precancerous abnor-
malities. For the IXitch population, with 4.7 million women above the 
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age of 20, this could require up to 3 million snears to be taken and 
analyzed each year. By comparison, only 800,000 cervical snears are 
made and analyzed each year at present. Putting a widespread popula-
tion screening program for cervical cancer into effect would not only 
be an organizational challenge, but it would also require up to a 
four-fold increase in the current capacity to analyze snears. It is 
the screening of the snears that forms the bottleneck of the system. 
Taking a smear and staining the slide are relatively simple and ordi-
narily take only a couple of minutes, v*>ereas the scanning of the 
slide by a cytoanalyst can take up to 20 minutes. Screening the de-
sired 3 million cervical snears per year in the Netherlands would re-
quire about 600 cytological analysts, 120 cytological supervisors, 
and 60 pathologists to diagnose the snears (72); a 300% increase in 
personnel. 
Besides the problems associated with increasing the nunber of 
slides to be scanned each year by up to a factor of four, the nature 
of the scanning work presents problems in itself. Looking through a 
microscope for an extended period of time is extremely tiring. Also, 
the fact that only a small proportion of slides ever contains any-
thing out of the ordinary makes it even more difficult for the ana-
lyst to maintain the high level of attention necessary to screen spe-
cimens accurately and at sufficient speed. 
Because of the large scale involved, and the tedious and time 
consuming nature of manual screening, the establishment of a 
widespread screening program could greatly benefit from an automated 
system that would prescreen the smears and select only the abnormal 
and visually complex cases to be sent on for analysis by the cytoana-
lysts. An automated prescreening system could both make the necessa-
ry increase in the nunber of slides scanned possible using the cur-
rent capacity of cytoanalysts, and it would make the task of the cy-
toanalysts more interesting by sifting out the large proportion of 
slides that are entirely normal and thus tedious to scan. With the 
help of an automated prescreening system it would be possible for 
every woman to have a cervical smear made at a frequency that would 
ensure a high rate of detection of abnormalities at a stage early 
enough to prevent most deaths from cervical cancer. 
This thesis describes just such an automatic prescreening sys-
tem. it is the "BioPEPR" system that has been developed at the Un-
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ÌN/ersity of Nijmegen in a jo int project between the Department oE 
High Energy Physics and the Ins t i tu te of Pathology. The system is 
capable of both accurate and fast analysis of cervical snears, and 
would be economical when being used in a population screening pro-
gram. 
In the remainder of th is chapter we will give a brief introduc-
tion to gynecological cytology and in particular to the morphology of 
the normal and abnormal cel l types usually found in a cervical anear. 
A brief review will also be given of the дагк that has been done to 
date in the field of gynecological cytology automation. Chapters 2 
through 4 are devoted to various aspects of automated cytological 
scanning and the approaches incorporated in the BioPEPR systan. In 
Chapter 2 the methods for preparing and staining the smears will be 
presented and evaluated. In chapter 3 the photographic system and 
scanning hardware are described. A description of the software used 
by the scanning device i s given in Chapter 4. In Chapter 5 the re­
sul ts of measurements on BioPEPR of a large nunber of single c e l l s 
and entire snears are presented and discussed. Finally, in Chapter б 
tne BioPEPR system as a vrtiole i s discussed, and poss ib i l i t ies for 
further applications of the system are given. 
1.2 Cervical Cytology 
In this section vre will provide a short introduction to cervical 
cytology, in order to provide a basis for understanding the parame­
ters measured by the BioPEPR system and their relevance to diagnosing 
cancerous and precancerous cel l abnormalities. This discussion is 
intended for those readers not familiar with cervical cytology, and 
is purposefully limited to only the essent ia l s . For a more complete 
description of the cytology of the cervix the reader i s referred to 
the leading textbooks in the field (48, 37). 
In most countries where population screening for uterine cancer 
is not widespread or has only recently been begun, such as in the 
Netherlands, the majority of cancers of the female reproductive t r a c t 
occur in the cervix (28). Fortunately, the cervix i s re lat ively 
easily accessible for taking a sample of c e l l s to be examined for ab­
normalities. Figure 1-1 shows how such a sample of c e l l s i s taken 
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Erom the cervix. Figure 1-2 shows how the cel l sample is then spread 
onL) a slide for staining and examination by a cytoanalyst. 
Fig. 1-1. Taking a cervical snear 
Fig. 1-2. Conventional technique for making a cervical anear 
A cervical smear typically contains thousands of c e l l s . The 
patterns of the ce l l s give the cytologist information about hormone 
levels , and the presence of inflammatory reactions and some 
micro-organisms vrfiich commonly cause infections in the reproductive 
t rac t , as veil as information about the possible presence of cancer 
or of abnormalities that could lead to cancer. The patterns a cytol-
ogist looks for include both the internal structure of individual 
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ce l l s and the relationship of c e l l s with their neighbors. The exten­
sive doc unentation of these patterns since Papanicolaou's work in the 
1940's now makes i t possible to accurately diagnose a large variety 
of abnormalities of the female genital t r a c t . Furthermore, i t i s now 
possible to detect precancerous abnormalities a t an early enough 
stage that the abnormality can be removed in time to dras t ica l ly re­
duce the possibi l i ty of the woman developing cancer. 
Figure 1-3 shows a diagram of a typical ce l l and i t s basic com­
ponents. 
Female sei chromatin 
Cytoplasm 
Inclusion body-
Nuclaafr sap 
ι 
Nucleolus 
\ _ L / 
/ 
^Cytoplasmic membrane 
Nuclear membrane 
—Chromoc enter 
—Golgi apparatus 
Centrosome' 
"^ ^ ^^^ ^ 
^Mitochondria 
Fig. 1-3. Basic components of a cell. From Ishikawa (34) 
A cell has tuo primary components: the nucleus, which is generally 
round or oval, and the cytoplasn, which surrounds the nucleus. 
Inside the nucleus are the chromosomes (chromatin), formed from deox­
yribonucleic acids (DNA), and containing the genetic code that con­
trols the activity of the cell. Occasionally one also observes nu­
cleoli in the nucleus, which are formed from ribonucleic acids (RNA). 
The cytoplasm contains, in addition to various organic compounds, a 
wide variety of structures which carry out the work of the cell. 
These structures include mitochondria, the Golgi apparatus, endo­
plasmic reticulun, ribo somes and lysosomes. None of these structures 
can be clearly seen under light microscopy, however. 
When using light microscopy to check for cancerous or precancer­
ous abnormalities in cells, the cytologist looks primarily at the 
cell nuclei. A cancer or precancerous abnormality is most obvious 
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from the changes it causes in the structure and distribution of the 
chromatin in the nucleus. An abnormal nucleus will most often cor>-
tain a larger amount of chromatin than a normal nucleus, usually re­
sulting in a larger nuclear area. In addition, abnormal cells often 
have a relatively smaller cytoplasm, a sign of a disturbed maturation 
pattern of the cell. Both of these factors result in a considerable 
increase in the relative nuclear area, as measured by the area of the 
nucleus divided by the area of the cell, 
The influence of cancer on the chromatin affects other 
morphologic features of the nucleus besides the size. One of the 
most widely used criteria for the detection of abnormalities is the 
distribution of the chromatin. In an abnormal cell the chromatin is 
often clumped, giving a granular texture to the nucleus. Also, the 
chromatin is often found to be irregularly distributed within the nu­
cleus. When cells are stained, an overall increase in stain uptake 
is usually noted in abnormal nuclei; probably due to an increase in 
the amount of chromatin present (76). Quantitatively, this results 
in a high "nuclear integrated darkness" (or "nuclear integrated opti­
cal density" ) , i.e., the total sum of the darkness levels measured 
within the whole nucleus. 
In figure 1-4, photographs of a normal and an abnormal cell are 
shown. 
r 
A В 
Fig. 1-4. A typical normal cell (A) and abnormal cell (B), 
as they would be seen in a cervical smear. 1600 X 
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Using the criteria introduced above, we can illustrate how a cytolo-
gist would identify the abnormal cell. First, the nuclear area of 
the abnor.nal cell is obviously much larger. In terms of actual size, 
the area of the abnormal nucleus is about three times as large as the 
area of the normal nucleus. The nucleus of the normal cell takes up 
about 3% of the total cytoplasmic area, whereas the nucleus of the 
abnormal cell occupies 38%. The integrated darkness of the abnormal 
cell is about three times greater than that of the normal cell. 
Finally, the abnormal nucleus has a structure or texture which indi­
cates that the chromatin is not normally distributed; this would be 
described by a cytologist as coarsely granular and irregularly dis­
tributed chromatin. Although not evident in the example shown here, 
irregularity of the shape of the nucleus and/or cytoplasm can also 
indicate the presence of abnormalities. 
Although the cervical sample is taken from a relatively limited 
area, the cervical зпеаг can contain a wide variety of cells. The 
largest component of a cervical smear is generally squamous epitheli­
al cells. This type of cell makes up the surface of the vagina and 
continues just into the entrance of the cervical canal, up to the 
"squamocolumnar junction", or transitional zone. From this point the 
continuation of the mucosal linircj is made up of endocervical colum­
nar epithelial cells. Figure 1-5 shows the junction between the ec-
tocervix and the endocervix. 
Endocervix 
F i g . 1-5. The " t r a n s i t i o n a l zone" (squamocolumnar junct ion) in 
the c e r v i c a l c a n a l , showing the two types of ep i the l ium 
from vrfiich c e l l s a re found in a c e r v i c a l smear. From 
Ishikawa (34) 
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The squamous epitheliun of the cervix is made up o£ layers of 
squamous epithelial cells at four different levels of maturity. 
Figure 1-6 shows the different levels and the types of cells found in 
each level. 
• SuperTicial cell layer 
• Intermediate cell layer 
> Parabasal cell layer 
Basai cell layer 
Fij. 1-6. The structure of the squamous epitheliun, showing 
layers of cells at progressive levels of maturity. 
From Ishikawa (34) 
The cells closest to the surface of the epithelium (and thus the most 
mature), are called superficial epithelial cells. These cells are 
large (40-50 micron diameter) with small, dark nuclei (4-6 micron di-
ameter) . The second layer contains intermediate epithelial cells, 
which are about the same size as superficial cells but which contain 
slightly larger nuclei (5-8 micron diameter) . Going deeper towards 
the basanent membrane one finds the parabasal epithelial cells. 
These cells are much analler than the superficial cells or intermedi-
ate cells, and contain a disproportionately larger nucleus (7-11 mi-
cron diameter) . Finally, next to the membrane are the new or divid-
ing cells, the basal epithelial cells. These cells are hardly ever 
seen in a cervical snear. '4ost often, it is the superficial and in-
tennediat^ relis that are scraped off onto ths spatula, although one 
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occasionally sees parabasal type cells, especially durirrj periods of 
reduced or absent estrogenic hormonal stimulation such as after de­
livery and after menopause. 
Besides the squamous epithelial cells one may also see cells 
from the endocervical colunnar epithelium and from the mucosal lining 
of the uterine corpus (endometrial cells). In addition, a smear may 
contain white blood cells (primarily polymorphonuclear leukocytes), 
plasma cells, lymphocytes, and histiocytes. These cells are illus­
trated schematically in Figure 1-7. 
Polymorphonuclear' 
' как N 
Endometrial cell « ^ Endocervical cell 
Fig. 1-7. Various types of cells often found in cervical 
snears. From Ishikawa (34) 
When certain abnormal conditions are present such as inflamma­
tion or traumatic lesions of the cervical mucosa, the cells from the 
endocervical columnar epithelium are replaced by immature cells of 
the squamous type; a process that is called squamous metaplasia. 
These squamous metaplastic cells may eventually mature and obtain an 
appearance similar to the original squamous cells lining the ectocer-
vix. Immature squamous metaplastic cells are somevAiat similar in ap­
pearance to parabasal cells, although the cytoplasm often shows fea­
tures indicating that a maturation process is going on. 
Cancer of the cervix originates in the majority of cases in the 
transitional zone between the ectocervix and the endocervix. With 
the majority of cervical squamous cancers, the process of metaplasia, 
which was described above, is the first step towards the development 
of a cancer. 4ost cases of metaplasia do not, however, lead to 
cervical cancer; most often metaplasia is just temporarily present 
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as a defense mechanism for the relatively vulnerable endocervical ep-
ithelium. When an unfavorable stimulus remains, or increases, this 
may alter the formation and maturation process of the squamous meta-
plastic cells so that metaplastic cells are formed which show abnor-
mal nuclear and cytoplasmic characteristics. When these abnormal 
characteristics are present the condition is called a dysplasia. A 
dysplasia is further classified as one of three grades: slight, 
moderate, and severe. Occasionally, a dysplasia may develop without 
the intermediate metaplastic stage, in the squamous epithelial lining 
of the ectocervix. This occurs much less frequently, however, than 
dysplasia that develops via the metaplastic process. 
If the maturation process of the abnormal cells is altered to 
the point that the cells no longer differentiate towards squamous 
cells, then a condition called Carcinoma in situ is present. Whereas 
normal mucosal tissue shows a very characteristic arrangement of 
cells, the mucosal tissue in this case is characterized by a complete 
disarray of cells. Furthermore, the "de-differentiated" abnormal 
cells tend to form aggregates, as they are often not capable of sur-
viving as individual cells. At this point, although a cancerous con-
dition is present, it is still contained within the limiting basal 
manbrane, and can be completely eradicated by removing the affected 
tissue. 
It is generally believed that the next step in the process of 
de-differentiation of the epithelial tissue is the loss of the limit-
ing capability of the basal membrane. This allows the abnormal cells 
to invade the sub-epithelial tissue. At this stage the abnormality 
is called invasive cancer. In the case of the cervix, the develop-
ment of an invasive cancer is usually quite slow, taking up to 15 
years after the dysplastic changes initially took place. Once abnor-
mal cells have invaded other structures, however, the cancer process 
can develop at a faster pace. Within the sub-epithelial tissue are 
many lymph channels and blood vessels. As soon as the invading (can-
cerous) epithelial cells come into contact with these vascular struc-
tures the possibility of the cancer spreading to other organs and 
thus ultimately threatening the life of the individual is very high. 
The above gives a very brief overview of the various abnormal 
conditions that may develop in the cervix, from temporary irritations 
to invasive cancer. Quantitatively, there are several important dis-
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tinguishing characteristics of the various types of abnormal cells 
described as compared to normal cells. Table 1-1 shows a comparison 
of the mean nuclear area and mean relative nuclear àrea of different 
types of cells. 
Table 1-1. Nuclear area and relative nuclear area as a 
percentage of total cell area of squamous cells 
with varying degrees of abnormality. From 
patten (48) 
Normal Intermediate 
Dysplasia 
Carcinoma in situ 
Invasive Cancer 
Mean Nuclear 
Area,μ1 
39 
167 
109 
77 
Relative Nuclear 
Area, % 
4 
16 
32 
36 
Note that the nuclear area and the nuclear:cytoplasmic ratio of the 
abnormal cells are higher than that of the normal cells. These par­
ameters alone do not, hovever, always determine the stage of the 
de-differentiation process. Further parameters v*iich measure the 
changes in the nuclear chromatin are also required to accurately 
identify the degree of the abnormality. 
Throughout the past three decades an immense amount of qualita­
tive and quantitative information has been gathered about the cellu­
lar parameters of the different types of cells involved in gynecolog­
ic cytology (8, 48, 55) . Although a large variety of cells is pre­
sent in a cervical anear as well as a large variation in the cell 
parameters within each cell type, cytologists are still able to use 
these parameters to diagnose anear s with a high degree of accuracy. 
The definition and quantification of various cell parameters through 
measurement have led researchers in recent years to investigate the 
possibility of developing machines to automatically or 
semi-automatically analyze the cells to give a faster, more quantifi­
able diagnosis of a anear. The work being done in the field of quan­
titative gynecologic cytology is the subject of the next section. 
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1.3 Review of Quantitative Gynecologic Cytology 
In this section a brief review is presented of past and present 
research in the field of quantitative measurements on cervical cells. 
Bnphasis is placed on image analysis systems (electronic visual sys-
tems which scan stationary cells) rather than on flow systems (low 
resolution measurement device where the cells are kept in suspension 
and flow through a detector system) . The first part of this review 
describes the types of instrunentation used in image analysis sys-
tems, and the second part reviews some highlights of the research 
done in quantitative gynecologic cytology over the past 25 years. 
1.3.1 Instrunentation in Image Analysis Systems 
Image analysis measurements on cervical cells have been made 
using a wide variety of devices with different levels of speed, reso-
lution and sophistication. Basically, the measurement of cells ir>-
volves obtaining light absorbance measurements ( or the measurement 
of fluorescence emission) of discrete elements within the cell at a 
certain resolution. A number of different technical solutions for 
obtaining these measurements have been developed. As noted by Van 
der Ploeg et al (51) , they can be classified into three categories: 
source scanners, image plane scanners, and specimen scanners. 
Source scanners perform measurements by projecting a spot of 
light onto the object and then moving the spot, thereby illuninating 
and measuring one spot at a time. This principle is utilized in fly-
ing spot scanners (43, 81) , and in systems with motor driven prisms 
or mirror deflection such as in recent laser scanning systems (59). 
Image plane scanners perform measurements in the image plane of 
the microscope. These measurements can be obtained by mechanically 
moving a diaphragm (18). A television camera system can also be 
placed in the image plane to digitize a relatively large field (typi-
cally 500 by 500 points) in 30 to 40 milliseconds (21, 53). Charge 
coupled devices in linear or tvo-dimensional arrays are also being 
brought into use (6, 29). 
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Specimen scanners use a moter-driven microscope stage to move 
the s l ide in a scanning motion while the object being measured is i l ­
luminated by a beam of l i g h t . The Zeiss AXIOIAT system is an example 
of such a scanner (66). 
In a l l of these systems measurements can be made either d i rect ly 
on the ce l l s themselves, or, as with the BioPEPR system, on a photo-
negative which provides an intermediate magnification s tep. For 
cervical anear scanning, t h i s intermediate step offers certain advan­
tages of speed and pract ica l i ty , although i t introduces the extra 
complication of taking and developing the photonegatives (see chapter 
3 ) . 
Besides the device used for scanning the object, a computer sys­
tem is required for storage of the data acquired, for the extraction 
of relevant parameters, and for decision making on the basis of given 
c r i t e r i a . The size and speed of computer that are needed depend on 
the application and on the level of sophistication of analysis, rang­
ing from large "off-line" IBM systems to small "on-line" microproces­
sor systems. Software complexity also varies considerably and i s 
again dependent on the application. 
1.3.2 Highlights of Research in Quantitative Gynecologic Cytology 
Since the introduction of the cervical snear and i t s increased 
use as a means of detection of the early stages of cervical cancer in 
the 1950's, various researchers have undertaken to develop a quanti­
tative system for performing or aiding in the analysis of a smear. 
The f i r s t efforts in th i s field were made in the l a t e 1950*3. A 
group of researchers a t the Airborne Instrunents Lab developed СУГ0-
ANALYZER, the f i r s t analysis system designed for the scanning of rou­
tine anears (11) . After a large scale field t e s t of the instrunent 
i t was determined that the device vras not accurate and eff icient 
enough to use in c l in ica l applications (60) . This was primarily due 
to the inf lexibi l i ty of the hardware and the complexity of the speci­
mens (no special preparation steps were used). 
Efcjring the early 1960's the level of sophistication of med inn 
size d ig i ta l computers made i t possible to build scanning systems 
which were inherently more flexible than previous systems by relying 
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more heavily on software rather than on hardware. The newer com-
puters were capable of guiding the scanning, extracting relevant par-
ameters, and then making decisions based upon an acquired set of 
data. Changes in any of these aspects of the system could be easily 
incorporated by only changing the software. The first such system to 
be developed was CYDAC (12) , which evolved from the CYTOANALYZER sys-
tem. The CYDAC system was used for limited scanning of gynecologic 
material, although no large scale applications were ever attenpted. 
In England an extensive project was undertaken to produce a 
prescreening system called the Vickers tape system (44). In this 
device cells were deposited onto a plastic tape which then passed 
under a scanning cathode ray tube. The cells that the system found 
suspect were flagged and could be reviewed later off-line. This re-
search provided an important first step towards improving the speci-
mens themselves, yet the project was eventually discontinued, primar-
ily due to the large nunbers of flagged objects which had to be res-
canned (68) . 
Following these early attempts at developing a commercially use-
ful screening system, a number of devices were brought into use as 
research tools to investigate cells more fully and to help define 
parameters and decision criteria more rigorously. Such studies are 
best exemplified by the TICAS project at the University of Chicago 
(77), in which extremely sophisticated computer algorithms are used 
to classify high resolution images of gynecological cells. Because 
the analysis speed of such systems is low they are not practical for 
large scale smear screening. A smaller system along the same lines 
that will have possible usefulness in screening applications is now 
being developed (79). 
The advent of commercially available television-based scanners 
gave rise to a new series of studies in the field of quantitative gy-
necologic cytology. Perhaps the most widely known systems of this 
type are the BIANCO Ojantimet digitizer (21, 32) , and the Leitz Tex-
ture Analyzing System (53) . Currently a nunber of research projects 
are being undertaken with such TV systems to investigate their appli-
cability to the automated or semi-automated prescreening or screening 
of cervical smears (1, 54, 70). 
One of the most advanced systems that has yet been developed for 
prescreening cervical anears is currently undergoing large scale 
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field tes t s in Japan. This system, called CYBEST, has been developed 
joint ly by the Toshiba Corporation and the Chiba Cancer Research 
Center (64) . The f i r s t version of CYBEST was a cathode ray tube 
source scanner. At present a new TV-based image plane scanner i s 
being tested. CYBEST i s capable of scanning a s l ide in 3-6 minutes, 
and uses specially prepared, Papanicolaou stained s l ides . The cur-
rent false alarm rate and missed positive rate are 0% and 32%, vdien 
using the system in cl inical field t r i a l s . 
A factor common to a l l recent research in cytology automation i s 
that a great deal of effort is being given to improving the quality 
of the specimens. Earlier researchers worked inder the constraint 
that the machine would have to be able to analyze the same snears 
that the cytoanalysts used. Eventually i t became evident that cervi-
cal smears prepared in the tradit ional way are much too complicated 
for analysis by an automatic system. Since then, a great many new 
techniques have been developed for the preparation of 
machine-readable snears (see Chapter 2 ) . 
In the above section, vre have outlined very brief ly the most im-
portant past and present research in the field of quantitative gyne-
cologic cytology. A more complete review would be too extensive to 
provide here. For more information, the reader i s referred to three 
special issues of the "Journal of Histochemistry and Cytochemistry" 
(35), and to the journals "Analytical and Quantitative Cytology" and 
"Cytometry". 
15 
CHAPTER 2 
PREPARATION AND STAINING TECHNIQUES 
2.1 In t roduct ion 
Since Papanicolaou 's in t roduct ion of the ce rv i ca l smear for the 
de t ec t ion of ce rv i ca l cancer in the 1940's (47) , the procedure of 
taking and s t a in ing ce rv ica l snears has evolved in to a r e l a t i v e l y 
simple procedure s u i t a b l e s for l a rge sca le screenircg for u t e r ine 
cancer and pre-cancerous abnorma l i t i e s . The c e l l s sampled are c o l -
lec ted from the cervix on a wooden s p a t u l a , smeared across the face 
of a microscope s l i d e , and fixed with a l coho l . They a re then s ta ined 
according to a procedure s imi la r to t h a t ou t l ined by Papanicolaou in 
1948 (36) . 
S l ides prepared in t h i s conventional way, while s u i t a b l e for d i -
agnosis by a hunan a n a l y s t , a re not s u i t a b l e for automated a n a l y s i s , 
however. Conventionally prepared Papanicolaou smears usua l ly conta in 
a g r ea t number of c e l l ove r l aps . I t i s not uncommon to see c e l l s 
layered seven or e igh t deep. Often the anears conta in dus t from the 
d o c t o r ' s g love , or co t ton f i b e r s from the co t ton swab or wood 
s p l i n t e r s from the spa tu la used for taking the smear. In a d d i t i o n , 
conventional anears of ten contain very many leukocytes (volite blood 
c e l l s ) , v^iich tend to come in l a rge c l u s t e r s or to be so nimerous 
t h a t many of the d i a g n o s t i c a l l y va luable c e l l s a re hidden. F i n a l l y , 
the Papanicolaou s t a in ing procedure r e s u l t s in c e l l s of severa l d i f -
fe ren t c o l o r s , and the s t a in ing i s not h ighly r ep roduc ib le . 
Despite these complicat ions with Papanicolaou anears prepared in 
the conventional way, much work has been done on q u a n t i t a t i v e meas-
urement of such anears (5 , 54, 63, 6 0 ) . Of t h i s work, measurements 
of s ing ly lying c e l l s have shown some promise, but even s o , 
unpredic table v a r i a t i o n s in the s t a in ing have made the r e s u l t s unre-
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l i ab le . Very few measurements have been made on en t i re , convention-
al ly prepared smears. Such measurements have invariably yielded a 
false alarm rate that i s too high due to the large nunbers of c lus-
ters of ce l l s , a r t i fac t s and clusters of leukocytes. 
As a resul t , almost a l l research currently being done in the au-
tomated measurement of cervical smears also includes some modifica-
tion of the original Papanicolaou techniques. At the l ea s t , th i s in-
volves finding methods to break apart ce l l c lus ters and to d is t r ibute 
the ce l l s more evenly over the glass s l ide . Some researchers, in-
cluding the Nijmegen BioPEPR group, have also modified the staining 
procedure by choosing a s tain that i s responsive to the cel lular 
changes caused by cancer, vrtiile a t the same time increasing visual 
contrast and reproducibility of the s ta in . 
In this chapter the dravtoacks of the conventional "Papanicolaou" 
techniques with regards to use in an automated screening system are 
discussed. Next, the many new techniques currently being developed 
for the preparation of machine readable snears are introduced, fol-
lowed by a more detailed description of the techniques used in the 
preparation and staining of smears for measurement by BioPEPR. 
Finally, a quantitative analysis of the quality of the resul ts of the 
BioPEPR preparation and staining method are presented. 
2.2 Limitations of Conventional Papanicolaou Techniques 
The simple techniques currently widely used for taking, prepar-
inq and staining Papanicolaou snears, as well as some of the general 
reasons why these techniques are unsuitable for automated ce l l scan-
ning, have been introduced above. In this section, the l imitations 
of the conventional Papanicolaou techniques will be discussed in more 
de t a i l , including the cel lular and non-cellular makeup of a typical 
Papanicolaou anear, the spatial distr ibution of c e l l s in a anear, and 
the l ight absorption character is t ics of the stained c e l l s . 
A cervical anear can consist of as many as 14 different types of 
c e l l s . These include not only ce l l s from the vagina and cervix, but 
also from the uterus, and even the fallopian tubes and the abdominal 
cavity. In addition one sees various types of bacter ia , and quite 
often large nunbers of erythrocytes (red blood cells) and leukocytes 
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(white blood cells) . Figure 2-1 shows a section of a cervical anear 
with so many leukocytes present that the epithelial cells are not 
even visible. 
·· . · 
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Fig. 2-1. Conventional cervical smear where diagnosticaily 
valuable ce l l s are hidden by a high density of 
leukocytes 
Clearly an automated device would be incapable of analyzing such a 
smear; steps should be taken in the preparation of the smear to re-
duce the leukocyte problem. 
Figure 2-2 shows two examples of non-cellular "ar t i facts" that 
can give problems in automated measuring. 
Fig. 2-2. Non-cellular "ar t i facts" in a cervical anear 
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Both of the above ar t i fac t s are some sort of fiber, perhaps from the 
utensil that was used to take the cervical sample. Such large dark 
objects could be interpreted to be abnormal objects by an automated 
device. Other sorts of non-cellular a r t i f a c t s include dust from the 
doctor 's gloves, crystals of s ta in, and hairs (74). 
The spatial distr ibution of the c e l l s over the surface of the 
s l ide i s very important in the preparation of a sl ide suitable for 
automated measurement. Figures 2-3 A and 2-3 В i l l u s t r a t e some of 
the distr ibution problems seen in a typical Papanicolaou anear. 
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Fig. 2-3. Cell distribution problems typically found in 
cervical smears: overcrowding (A) and tissue 
fragment (B) 
Figure 2-3 A shows the overlapping of many cells. The cells are 
piled up several layers deep, making it impossible to find a single 
settiix) for the focussing of the field. Figure 2-3 В shows a nunber 
of cells attached together in a sheet, just as they would be found in 
situ. Distinguishing the nuclear and cytoplasmic boundaries of the 
cells in such clusters is almost impossible with an automated device. 
At best, this would require extremely time-consuning sophisticated 
computer algorithms. Clearly what is needed for an automated 
analysis system is a means of breaking up cell clusters, controlling 
cell density on the slide, and distributing the cells evenly over the 
si ide. 
A final important characteristic of a cervical smear is the 
staining. The staining procedure for an automated measuring device 
must give reproducible results with adequate "nuclearccytoplasmic" 
and "cytoplasmicrbackground" contrasts, and must be responsive to the 
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abnormality being tested for. The Papanicolaou staining procedure 
leaves much to be desired on all three counts. Unaccountable varia­
tions are often seen in the darkness of nuclei stained by the Papani­
colaou method. The contrast is often inadequate, apparently for two 
reasons. The first is the variability of the cytoplasmic staining; 
this is due either to the condition of the stain or the condition of 
the cells themselves. The second reason is that the Papanicolaou 
staining procedure involves five different stains, each with their 
own light absorption characteristics. Figure 2-4 shows the absorp­
tion spectra of the five stains. 
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Fig. 2-4. Absorption spectra of the five stains used in the 
conventional Papanicolaou staining procedure: 
Bismark Brown Y (A) . Orange G (В) , Eosin Y (С) , 
Harris Hematoxylin (D), Light Green SF (E) 
The five stains are bound by the cells to varying degrees according 
to the cell type and to the pH and hormone levels, which fluctuate 
during the menstrual cycle. Consequently, when measurements are made 
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using only one or two wavelengths of light, the contrast between the 
nucleus and the cytoplasm of different cells can vary considerably. 
Figure 2-5 gives an indication of the charge in contrast that can be 
observed for two similar cells that have bound different amounts of 
the cytoplasmic stains. 
Fig. 2-5. Variation in stain uptake, photographed with light 
of 545 tm wavelength 
A number of studies have been undertaken to determine the sensi-
tivity of the Papanicolaou staining to cellular abnormalities. Of 
primary importance is the ability to detect increases in the amount 
of nuclear chromatin consistent with these abnormalities (76). 
Several studies have indicated that the nuclear hematoxylin stain 
used in the Papanicolaou procedure may well be adequate for the de-
tection of abnormalities by an automated system (65, 54). However, 
it appears that there are other stains, such as the Feulgen-based 
stains, which give a better response to the presence of abnormalities 
due to the specificity of the stain for DNA (49) . Given the wide 
range of complications of measuring cells automatically, it would ap-
pear that any stain offering an increase in sensitivity over that of 
the Papanicolaou stain is attractive. 
Having illustrated some of the problems associated with the use 
of the Papanicolaou techniques, we will now review some of the meth-
ods being investigated to improve upon the conventional manner of 
preparing smears. 
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2.3 Experimental Preparation Techniques 
Over the past few years a great deal of effort has been made to 
improve or alter the "Papanicolaou techniques" in order to find a 
preparation procedure that is better suited to automated measure-
ments. The improvements in the quality of the measurement results 
due to better preparation have sometimes been quite dramatic. In 
this section, three aspects of this cell preparation research are re-
viewed: specimen collection, cell disaggregation, and cell distribu-
tion. 
2.3.1 Specimen Collection 
In order to minimize the time required to take a cervical snear, 
and to ensure consistent smear quali ty, the anear preparation should 
preferably take place separately from the taking of the cel l samples, 
for instance at a central ly located laboratory. For this purpose i t 
is ideal to collect the ce l l s in suspension. The spatula with which 
the scrape is made may either be broken off and lef t in the bott le 
containing preservative solution, or rinsed in the solution and imme-
diately discarded. A plas t ic spatula is often used to avoid the ar-
t i facts (splinters) that often come from wooden spatulas and because 
the ce l l s are more easi ly rinsed off a plast ic spatula. 
A preservative solution is chosen that guarantees the best pres-
ervation of the ce l l s until they can be further processed, and per-
manently fixed. A saline-based solution is most often used, as i t 
simulates the normal environment of the cervix. Some ethanol is gen-
eral ly added to the solution in order to prevent the ce l l s from de-
generating and to help prevent the growth of any bacteria vrtiich may 
be present. 
2.3.2 Cell Disaggregation 
Following the collection of the sample, the next step in the 
preparation is to break apart clusters of cells and leukocytes and, 
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if possible, to clean up the smear by the removal of artifacts, ex-
cessive leukocytes or bacteria. Numerous methods have been attanpted 
in order to aid in the disaggregation of cell clusters. Basically 
they fall into two categories: chemical and mechanical. 
2.3.2.1 Chemical Disaggregation Techniques 
In chemical techniques of cell disaggregation a chemical reagent 
or enzyme is used to try to break apart the bonds between the cells, 
or to loosen them so that subsequent mechanical agitation can break 
then apart. 
Escobar and associates have reported on an extensive study in-
vestigating the effectiveness of nonenzymatic chemical solutions as 
cell disaggregators, usirej known information on the ccmposition of 
cell surfaces and cell adhesive properties (20). The chemical soli>-
tions tried, while generally delivering a cleaner sample, did not 
seem to significantly improve disaggregation. Husain has reported 
using such reagents, notably dithiothreitol, with a fair degree of 
success (33) . Reproduction of his experiments by the BioPEPR group 
did not yield satisfactory results. 
A great number of enzymes have been tested by various research-
ers; again, with mixed success. Enzymes tested include trypsin, 
pepsin, collagenase, hyaluronidase. In general it has been found 
that such treatment often results in cell damage. The results also 
vary considerably from specimen to specimen. Test results in our 
laboratory with all of the above mentioned chemicals have indicated 
that such treatment cannot be relied upon to provide consistent 
disaggregation of cells without riskirq extensive cell damage. 
2.3.2.2 Mechanical Disaggregation Techniques 
With mechanical means of disaggregating cell suspensions a shear 
force is applied to the cells. Such a force tends to act most 
strongly on the larger objects, specifically the cell clusters and 
the tissue fragments. Since the snaller objects are also affected by 
the applied force, although to a lesser degree, the force must be 
regulated to minimize the possibility of damage to individual cells 
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while effectively breakirg apart some of the more tightly bound clus­
ters. Mechanical methods vdiich have been used include shaking and 
stirring, forced filtration, homogenization, syringing, and ultrason­
ic agitation. 
The first two methods, shaking and stirring, are exemplified by 
the use of the vortex mixer, a simple device vrtiich creates a vortex 
inside a test tube (42). Other devices may shake the suspension, or 
mix it with a device similar to a kitchen mixer. A common drawback 
to all of these devices is that they provide relatively little shear 
force and thus break apart only loose clusters of cells. 
Forced filtration of the cell suspension has been tried as both 
a primary and secondary method of cell dispersal. When used as a 
primary method the cell supension is forced through a relatively 
small mesh. It has been observed that forced filtration is too 
coarse and that the forces involved are probably too veak (42). 
However, a nunber of researchers have had some success with filtra­
tion as a secondary method (56, 74, 39). Here large clusters left 
after the primary disaggregation method can be filtered out. In this 
case a fairly coarse mesh is used; usually 70 to 100 microns, allow­
ing single cells and even anali clusters to pass through, while hold­
ing the larger clusters back. The BioPEPR system does not make use 
of such filtering techniques because BioPEPR is capable of recogniz­
ing cells in anali clusters, and because it was felt that too many 
abnormal cells may be filtered out. 
Homogenization has been used effectively to disaggregate cells 
in several applications, notably with sputun samples, Ліеге a great 
deal of mucus is present (45) . For this technique a blender device 
is used that essentially chops the tissue in suspension. In gynecol­
ogic cytology applications this technique appears to cause too much 
damage to the cells (42). 
Ultrasonic agitation has been used with varying success. 
Several experimenters have reported a high degree of success with 
this method (25). Howsver, it is generally held that this method is 
too violent and that it tends to damage the cells vrfien sufficient 
powar is applied to break apart cell clusters. 
Of all the possible methods, syringing is without a doubt the 
most successful method of cell disaggregation discovered to date. 
With syringing the cell suspension is repeatedly forced through a 
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syringe needle. The shear forces at the tip of the needle are strong 
enough to break apart clusters of cells. Some researchers have re-
ported up to 90% single cells after treatment by syringing (74). 
Applications of this technique differ in the size of needle used, the 
pressure applied, and the length of time of treatment. Syringing has 
the added advantage that it can be fairly easily automated. 
Experience with syringing devices seems to indicate that the samples 
are also cleaner after syringing. In particular there are often 
fe\ner leukocytes observed after syringing (69). The loss of other 
types of cells has also been reported; notably endocervical colunnar 
cells (74). In general the syringing method has been accepted as a 
technique which is highly effective and which requires a minimun of 
technical expertise. Experience in the BioPEPR group has also shown 
this to be a most effective means to disaggregate cell suspensions. 
2.3.3 Specimen Enrichment and Cell Distribution 
There are two additional aspects of smear preparation vrtiich, al-
though not directly related to cell disaggregation, greatly influence 
the quality of the snear. These two aspects are specimen enrichment 
and the depositing of the cells onto a slide. Even after disaggrega-
tion methods have been applied, a typical cell sample will still con-
tain artifacts, cell clusters, and occasionally large numbers of leu-
kocytes. These factors make the task of an automated analysis device 
much more difficult; either they give rise to too many false alarms, 
or they considerably slow down the device by requiring time consuning 
high resolution analysis to determine vtiether a suspicious object is 
in fact an abnormal cell or a false alarm. 
Several research groups have reported good results with specimen 
enrichment systems (46, 67). In most of these systems the cell sus-
pension is left to sediment out, whereby single cells settle at a 
different rate than leukocytes, artifacts, cell clusters, and leuko-
cyte clusters. Such an approach of leaving the cells in a density 
gradient overnight has been tested in our laboratory with a great 
deal of success. One obvious drawback to this technique is that it 
is difficult to apply on a large scale, as would be necessary in a 
large scale population screening program. 
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The technique used for depositing the cells onto the slide is of 
extreme importance to the resulting quality of the smear. Even if a 
suspension consists of entirely single cells, overlaps and clusters 
may occur when the cells are put onto a slide, as a result of over-
crowding. A practical solution to this problem is to count the cells 
in suspension, and then to dilute or concentrate the cell suspension 
accordingly so as to give a reproducible cell density on the slide. 
The reproducibility of the cell density on the slide is also related 
to the adhesion properties of the cells on the glass. Precleaning or 
precoating of the slide can improve this adhesion, "lany methods of 
adjusting cell adhesion have been tried, including precoating the 
slides with albunin (38) and with polylysine (33). The techniques 
developed in the BioPEPR project are discussed in the next section 
(see section 2.4) . 
When making a slide it is also important that the cells be 
deposited onto the slide as randomly as possible. One systan devel-
oped for doing this involves centrifuging the cell suspension direct-
ly onto a glass slide (39, 3) . Oir experience with centrifugation 
has led us to the conclusion that this system does not give fully re-
producible results, and furthermore that it may not be suited for use 
on a large scale because it is time consuming and labor intensive. 
Other methods better suited for large scale screening include snear-
ing a drop of the suspension across a glass slide similar to the way 
blood smears are usually prepared, or spinning the slide so that the 
suspension spreads itself out equally over the glass through centri-
fugal force (90) . Most recently, research has begun to investigate 
using cell sorter deflection systems to deposit the cells onto the 
slide (62) . 
2.4 BioPEPR Preparation Methods 
In the BioPEPR project a great deal of effort has been put into 
the development of a new preparation and staining procedure suitable 
for the automated prescreening of cervical anears. Besides meeting 
the requirements of cell spatial distribution and stain contrast for 
efficient scanning by a machine, these techniques should be simple 
enough to be applicable on a large scale, and should yield slides 
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that can be screened by analysts for cases where a smear i s flagged 
as suspicious in the automated prescreening. This l a s t requirement, 
the possibi l i ty for manual screening, places severe res t r ic t ions on 
the choice of staining procedures because i t requires the coloring of 
the anears to be effective for use with a normal microscope with nor­
mal i l lunination, thereby excluding fluorescent s t a i n s . 
In the BioPEPR project, after experimenting with a great many of 
the cell preparation techniques discussed above, a procedure has been 
found which offers the best compromise betveen simplicity of prepara­
tion on the one hand, and the smear quality requirements for both the 
machine and the analysts on the other hand. While developing th i s 
procedure, efforts have been made to use techniques that can be easi­
ly automatized in the future, for large scale screening applications. 
2.4.1 BioPEPR Cell Collection and Smear Preparation Techniques 
At the time of col lection, the sample of c e l l s taken for 
analysis by BioPEPR i s scraped from the cervix using a p last ic spatu­
la (Bedford Products, England) , and is then put into a modified phos­
phate buffered saline (PBS) preservative solution. This solution 
consists of 137 mM NaCl, 13 mM МагНРО^гНгО, 6 mM Kf^ PC^and 20 % eth­
anol. The plast ic spatula i s rinsed in the preservative solution and 
then discarded. The preservative solution i s contained in a special 
plast ic vial that has a pointed bottom, allowing the same vial to be 
used during centrifugation in a l a te r step in the preparation. Where 
possible the cel l solution i s refridgerated (4° C) after collection 
to promote good cel l preservation. Ordinarily the c e l l s are l e f t 
overnight before further handling. Cell samples have been stored for 
up to 7 days without ce l l loss or damage. The preservative solution 
i s buffered a t pH 7.0. Although th i s is s l ight ly different from the 
normally acid environment of the vagina (pH 5.5), t h i s difference 
does not affect the morphology of the c e l l s , in fact i t helps to 
preserve cel l morphology. The buffering of the solution is s l ight ly 
higher than that of commercial PBS. In practice i t has been found 
that the high acidity of the cel l sample tends to defeat the buffer­
ing of commercial PBS. 
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In order to break apart ce l l c lus ters , an automated syringing 
device based upon a coramercially available pe r i s t a l t i c pump i s used 
(Watson-Barlow, England, see figure 2-6). 
Fig. 2-6. Per i s ta l t i c pump used for syringing of the 
cel l suspension 
With this device the ce l l suspension is forced continuously through a 
loop of plas t ic tubing with 19-guage needles a t both ends. The syr-
ingirag is continued for 15 minutes a t a velocity of 55 ml/minute. In 
order to clear the needles of possible large clumps the direction of 
rotation is automatically reversed every 30 seconds. 
28 
During the next s t e p of the p r epa ra t i on , a sample of the d i s a g -
gregaced c e l l suspension i s counted using a Coulter counter ( Coulter 
Model ZBI, U.S .A. ) . The Coulter counter has been c a l i b r a t e d using 
pure samples of leukocytes a s well as of e p i t h e l i a l c e l l s , and the 
c o u n t e r ' s thresholds have been s e t so t h a t only e p i t h e l i a l c e l l s , and 
some l a rge l eukocytes , a re counted. Using the r e s u l t s of t h i s meas-
urement the c e l l concen t ra t ion can be adjusted to ob ta in a c o n s i s t e n t 
c e l l dens i ty on the s l i d e . In order to do t h i s the sample i s c e n t r i -
fugea, the supernatant removed, and enough "carbovrax so lu t ion" (2% 
polyethylene g lycol 1500, Merck, in 50% ethanol) added to ensure a 
f ina l d i s t r i b u t i o n of c e l l s on the s l i d e of approximately 50 e p i t h e -
l i a l c e l l s per square mm. The carbowax so lu t i on a l so a i d s the c e l l s 
in s t i ck ing to the g l a s s s l i d e . The r e s u l t of a comparison of the 
adhesion q u a l i t i e s of t h i s technique to those of the po ly lys ine t ech-
nique i s given in Table 2 - 1 . 
Table 2 - 1 . Comparison of the adhesion q u a l i t i e s of the 
polylys ine and carbowax techniques . Values 
r ep resen t e p i t h e l i a l c e l l s per square mm 
Sample Polylys ine Method Carbowax Method 
1 1 20 
2 2 57 
3 5 68 
4 7 25 
5 10 37 
As is shown in this table it appears that the use of carbowax results 
in a greater adhesion to the slides. Furthermore, with carbowax 
there is no background coloring as is often found with polylysine. 
Also, the carbowax method is better suited for application on a large 
scale. 
Following the preparation of the cell suspension, an aliquot of 
the suspension is placed onto a slide and the cells are smeared over 
the surface of the slide using a commercially available automatic 
device designed for making blood smears (HEMAPREP; Geometric Data, 
U.S.A., see figure 2-7). 
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Fig. 2-7. Commercial blood smear apparatus, used for 
spreading cervical cell suspension onto slides 
After the cells have been spread onto the slide, the slide is 
air dried. The carbowax solution serves to preserve cell morphology 
and to prevent drying artifacts. After drying, a methanol based fix-
ative (85 parts methanol, 10 parts 35% formaldehyde, 5 parts acetic 
acid) is used (10). At this point the slides are ready for staining. 
2.4.2 Staining of the Smears 
As mentioned in section 2.2, the Papanicolaou stain is not ide-
a l ly suited for use with an automated prescreening device. The nu-
clear staining obtained is not highly responsive to differences in 
chromatin content in ce l l s with epi thel ial abnormalities. The "nu-
clear :cytoplasmic" and "cytoplasmictbackground" contrasts are low and 
not reproducible. A staining procedure has therefore been developed 
for the BioPEPR system vfoich gives a higher sensi t iv i ty to differ-
ences in chromatin concentration as well as improved contrast . In 
doing th is a method was sought that yielded ce l l coloring somevAiat 
comparable to the Papanicolaou method, in order to ensure that the 
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resulting stained snears would s t i l l be easi ly scannable by cytoana-
lys t s . 
Because of the known DNA specif ici ty of the Feulgen reaction, 
the applicabil i ty of this stainirvg method has been extensively inves-
tigated for use with BioPEPR. In the Feulgen procedure the DNA i s 
stained by liberating aldehyde groups through treatment with an acid 
(hydrolysis) , and then by binding a dye (the Schiff reagent) to these 
liberated aldehyde groups. Different combinations of Schiff reagents 
and counterstains were investigated. The best resul ts were obtained 
using the Feulgen procedure with Thionine (Merck, Germany) as the 
Schiff reagent (19). Feulgen hydrolysis i s performed for 1 hour 
using 5N HCl at room temperature. The ce l l s are then counterstained 
for 1 hour using Congo Red (Gurr, England, 0.1% in 70% ethanol with 
0.01% acetic acid) . The Thionine and Congo Red stains have the ad-
vantage that their l ight absorbance character is t ics complement each 
other extremely well (see figure 2-8), making i t possible to scan the 
stained ce l l s a t a single wavelength. As the figure shows, Thionine 
and Congo Red have absorption maxima a t 600 nm and 500 nm, respec-
t ively, with a minimun of overlap a t these two wavelengths. For the 
BioPEPR system measurements are made between these two maxima, a t a 
wavelength of 545 nm. The stained sl ides are also well suited for 
conventional l ight microscopic screening. The staining yields brown-
ish-blue nuclei , and orangish-red cytoplasms. The coloring is pleas-
ing to the eye, and is similar enough to the Papanicolaou staining 
that i t i s easy for cytoanalysts to screen. An advantage of th is 
staining method for both machine and human analysis i s that i t shows 
excellent nuclear d e t a i l . 
31 
_ Congo Red 
Thionjne 
A50 500 550 600 
WAVELENGTH(NM) 
650 
Fig. 2-8. Light Absorbance spectra of Congo Red and Thionine 
2.5 Quality Analysis of BioPEPR Preparation and Staining 
In this section we will attempt to quantify various aspects of 
the anears in order to assess the quality of our preparation 
techniques and staining. Under consideration will be: cell spatial 
distribution and clustering, stain contrast and its effect on area 
measurements, and nuclear density measurements. 
32 
2.5.1 Cell Clustering and Distribution 
The quality of the cell disaggregation of the sample is indicat­
ed by the proportion of singly lying cells in the smear. This in 
turn is determined by a combination of the cell disaggregation tech­
nique used and, since cells can overlap due to simple overcrowding» 
the density of the cells on the slide. An average cell density of 50 
epithelial cells per square mm has been chosen to minimize overcrowi-
ing. A series of cell samples at this density were measured to de­
termine the percentage of singly lying cells. The results are shown 
in Table 2-2. 
Table 2-2. Percentage of singly lying cells before and 
after syringing 
Sample 
1 
2 
3 
4 
5 
6 
7 
θ 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
Average 
Before Syringing 
27 
10 
5 
20 
10 
31 
26 
25 
41 
13 
48 
35 
4 
21 
26 
28 
26 
28 
20 
19 
12 
18 
12 
22 
26 
23 
22 
After Syringing 
53 
47 
42 
47 
19 
51 
75 
71 
72 
49 
58 
62 
14 
20 
59 
57 
36 
46 
45 
51 
40 
38 
66 
75 
62 
54 
50 
Cells/mm 
56 
50 
32 
65 
58 
66 
53 
68 
22 
22 
49 
55 
38 
38 
53 
59 
59 
59 
64 
76 
48 
43 
59 
53 
60 
52 
52 
On the average, the syringing technique and cell concentration used 
yielded 50% singly lying cells on the slide. The remaining 50% of 
the cells were found in clusters. In cases vrfiere the cytoplasms of 
two or more cells are overlapping, BioPEPR is capable of automatical­
ly estimating a value for the nuclear:cytoplasmic ratio (see 4.2.7). 
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The cell distribution on the slide has been evaluated by count-
ing the nunber of epithelial cells present in 6000 fields taken from 
1000 different slides. The cell density in these fields (the nunber 
of nuclei located by BioPEPR per square mm) is shown in the frequency 
distribution below. On the average, BioPEPR counted 50 cells per 
square mm. 
CELL DENSITY 
100. 
Fig. 2-9. Frequency distribution of cell density per 
square mm from 6000 fields measured on BioPEPR 
2.5.2 Stain Contrast 
In order to ensure accurate machine measurements of the 
geometric parameters of cells, it is important to have adequate "nu-
clear: cytoplasmic" and "cytoplasmic:background" contrast. The dark-
ness differences between nucleus, cytoplasm and background must be 
great enough to allow the machine to distinguish boundaries on the 
basis of given or computed darkness thresholds. Obviously, if the 
contrast is inadequate, the boundary betwsen these three darkness 
levels will be indistinct and the machine will have a great deal of 
difficulty making accurate measurements. 
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The contrast that i s obtained from the Feulgen-Corego Red stain 
can be i l lustrated by making a l ight trananittance profile of the 
c e l l . Figure 2-10 shows three profiles of typical c e l l s . 
, -
w
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Fig. 2-10. Transmittance profiles of superficial cell (A), 
parabasal cell (B) , and dysplastic cell (C) 
Figure 2-10 A shove the profile of a superficial squamous epithelial 
cell. Note that the light cytoplaan is easily detected and that the 
small nucleus gives an extremely high contrast. Figure 2-10 В shows 
the profile of a parabasal squamous cell. Here the cytoplaan is much 
darker, yet the nuclear:cytoplaanic contrast remains adequate for 
proper detection of the nucleus. Finally, figure 2-10 С shows the 
profile of a moderate dysplastic cell, which has characteristics sim­
ilar to the parabasal cell. 
A second means of evaluating the quality of the 
"nuclear rcytoplasmic" and "cytoplasmicrbackground" contrast is to 
measure the reproducibility of area measurements on single cells. 
The results of such measurements are given in Table 2-4. 
Table 2-4. Variability in nuclear and cytoplasmic area 
measurements on BioPEPR. Mean is in square microns 
Nuclear Area Cytoplasmic Area 
Mean Coeff. of Var. Mean Coeff. of Var. 
Dysplastic Cell 122 1.9% 272 1.2% 
Intermediate Cell 62 6.0% 1030 6.8% 
The nuclear and cytoplasmic area of a single normal intermediate epi­
thelial cell and a single moderately dysplastic cell лге photo­
graphed and scanned 50·times, and the mean and coefficient of varia-
35 
t ion of the data were c a l c u l a t e d . All four c o e f f i c i e n t s of v a r i a t i o n 
were low, demonstrating good r e p r o d u c i b i l i t y in the measurements. 
The nucleus and cytoplasm of the d y s p l a s t i c c e l l have very high con­
t r a s t s , making the area measurements somewhat e a s i e r . The nucleus of 
the intermediate c e l l , although i t has a very high c o n t r a s t with the 
cytoplasm, i s small and there fore more s e n s i t i v e to s l i g h t e r r o r s in 
thresholding or scanning. The cytoplasm of the intermediate c e l l has 
a somewhat lower c o n t r a s t with the background than the d y s p l a s t i c 
c e l l , r e s u l t i n g in a higher v a r i a t i o n . 
A f i n a l check compared human measuranent of nuclear and cyto­
plasmic area with machine measuranent. The manual area measurements 
were done by photographing the c e l l s , p r i n t i n g them, and then weigh­
ing the nuclear and cy toplaanic components (52) . Figures 2-11 A and 
В show the area measurement r e s u l t s for the nuc le i and cytoplasms of 
20 in termediate c e l l s . 
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F i g . 2-11. Comparison of BioPEPR and manual area measurements 
of the nucle i (Al and cytoplasms (B) of 20 
in termediate c e l l s , in square microns 
A c o r r e l a t i o n c o e f f i c i e n t of 0.96 i s obtained for the nuclear meas-
ursnent and a c o e f f i c i e n t of 0.97 for the cytoplasmic measurement: 
r e s u l t s which are good for an automated measuring system. 
2 .5 .3 Nuclear Optical Density Measurements 
The o p t i c a l d e n s i t y of the nucleus of a c e l l i s one of the most 
important c r i t e r i a for deciding vrtiether a c e l l i s normal or abnormal. 
As was explained in Chapter 1, a cancer or a precancerous abnormality 
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a f f e c t s the nuclear m a t e r i a l of a c e l l , u s u a l l y r e s u l t i n g in a bigger 
and darker n u c l e u s . The combination of s i z e and darkness of the nu­
c leus i s b e s t represented by the i n t e g r a t e d o p t i c a l d e n s i t y of the 
nucleus . I t should be noted here t h a t because the measurement i s 
performed a t a s i n g l e l i g h t wavelength (545 nm) between the 
absorbance maxima of Thionine and Congo Red, nuclear DMA, nuclear 
RNA, and nuclear p r o t e i n are incliried in the nuclear darkness meas-
uremen t . 
Г о t e s t s were performed to determine the q u a l i t y of nuclear 
d e n s i t y measuranents on BioPEPR using the above p r e p a r a t i o n method. 
The f i r s t was a s e r i e s of measurements on a t o t a l of 300 in termedia te 
c e l l s from 15 d i f f e r e n t smears to determine the r e p r o d u c i b i l i t y of 
the s t a i n i n g for normal c e l l s . The r e s u l t s of these measurements a re 
shown in f igure 2-12. 
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F i g . 2-12. Frequency d i s t r i b u t i o n of nuclear i n t e g r a t e d o p t i c a l 
d e n s i t y of 300 in termedia te c e l l s from 15 smears, a s 
measured on BioPEPR in nonstandard BioPEPR u n i t s 
The c o e f f i c i e n t of v a r i a t i o n for these measurements i s 19%. This can 
be compared to a c o e f f i c i e n t of v a r i a t i o n of 13% for DNA-only meas­
urements using a system («here DNA can be measured s e p a r a t e l y ( 7 0 ) . 
The advantage of the BioPEPR method i s t h a t measuring i s g r e a t l y sim­
p l i f i e d by using only one wavelength. As w i l l be shown l a t e r , t h i s 
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variation of 19% is acceptable for a prescreening system. 
In the second study the nuclei of 900 normal and 230 abnormal 
cells were measured. Ά frequency distribution of their integrated 
optical density is shown in Figure 2-13. 
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Fig. 2-13. Frequency distributions of nuclear integrated optical 
density of 900 normal (A) and 230 abnormal cells (Β) , 
as measured on BioPEPR in nonstandard BioPEPR units 
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The area of overlap of the two distributions consists primarily of 
(normal) parabasal and metaplastic cells and (abnormal) slightly dys-
plastic cells. If such cells were being measured on BioPEPR, the am-
biguity would be resolved in most cases by measuring the 
nuclear:cytoplasmic ratio (see chapter 5 ) . 
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CHAPTER 3 
PHOrOGRAPHY AND SCANNING HARDWARE 
3.1 Introduction 
In this chapter the two hardware aspects of the BioPEPR system 
are presented; the photographic apparatus and the scanner itself. 
Both of these systems have undergone several modifications in the 
course of their developnent, leading up to the present, fully auto-
mated devices. Only the system that is presently in operation will 
be described here. In the first section the photographic process and 
the cañera system are reviewed. Then a brief history of the initial 
development of the scanning hardware for physics use is presented. 
Finally the scanning hardware, the operational modes, and the facili-
ties for interacting with the device are described. 
3.2 Photography 
With its ability to scan very large fields of cells, the BioPEPR 
project offers a new approach to the problem of developing a high 
speed automatic prescreening system. The ability to scan large 
fields is achieved by combinirq a large, high resolution cathode ray 
tube with high resolution, large field photography. The use of an 
intermediate magnification step onto film makes it possible to scan 
fields as large as 6 X 8 ran. most conventional scanning devices, 
such as television image plane scanners, are only capable of measur-
ing a field of about 0.5 X 0.5 mm, 200 times smaller. By comparison 
to these devices, BioPEPR only has to scan a few fields in order to 
measure enough cells to make an accurate decision. 
Scanning fewer, larger fields results in a simpler and faster 
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system. With large fields there is no need to overlap the fields, as 
is done with devices Wiich scan anali fields directly from slides. 
Thus, the use of large fields saves both scanning time as well as the 
computer time needed for the necessary bookkeeping. With systems 
that scan the slides directly, each slide may have to be moved hun-
dreds of times on an extremely accurate mechanical stage. The depen-
dence on the mechanical motion of the stage can limit the overall 
speed of the system because the mechanical motion is inherently 
slower than the electronic speed of scanning and analyzing the 
fields. Furthermore, the focussing of each field on the slide can be 
done "off-line" instead of during the measuring process. In addi-
tion, the relatively large depth of field of the lens used in the 
camera device (8 microns) minimizes focussing problems and makes it 
relatively easy to focus the field automatically. 
Figure 3-1 shows the camera system developed for BioPEPR at the 
University of Nijmegen. 
ì:ì, •* ' • • · •- "Η1;'!]- "¿.'г'" :;,ÍÍ¡;: U :':" •' '"'í 
Fig. 3-1. The BioPEPR camera system 
The heart of the photographic system is a high resolution, 
large-field lens vdiich magnifies the field on the slide by a factor 
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of ten. The lens used is the Ultra Micro Nikkor 28 ira» El.7, origi-
nally developed for use in making masks for integrated circuits. To 
obtain the maximum resolution and to minimize distortion, monochro-
matic light of a narrow bandwidth is used. These lenses are avail-
able corrected either for blue (404.7 nm) or green (545 nm) light to 
give better than 1 micron resolution over a field of up to 6 4 8 im. 
The choice of wavelength depends, of course, on the stain used. For 
the rhionine/Congo Red stains the 545 nm lens is required. 
Figure 3-2 shows the camera schematically. 
Fig. 3-2. Schematic diagran of the BioPEPR camera system 
1) lanp, 2) condenser system, 3) motorized stage, 
4) Nikon lens, 5) film cassette, 6) mirror and 
shutter, 7) television camera, 8) TV lenses 
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h 100 watt tungsten halogen l ight source is used for the i l lunination 
of the f ield, together with a four-lens condenser system. An in­
terference f i l t e r is positioned between the l a s t tvro lenses of the 
condenser system. The f i l t e r (Balzer) is centered a t 546 nm and has 
a bandwidth of 40 nm. The sl ide i s held by a mechanical microscope 
stage which is movable in three mutually perpendicular directions to 
allow positioning of the sl ide and focussing. A cassette system is 
capable of feeding up to 50 s l ides into the camera automatically. 
The Nikon lens, located above the stage, magnifies the field by a 
factor of 10 onto the 70 rrai wide rol l film. Each ro l l of film is 40 
meters long, allowing up to 500 photonegatives to be placed on one 
r o l l . 
Between the film cassette and the lens is a shutter and a hinged 
mirror which can project a portion of the enlarged image onto a te­
levision camera. This image is further enlarged by one of the Ьлэ 
intermediate lenses (1:1 and 1:4) between the main lens and the te­
levision сатіега. The television system is adjusted so that the field 
is in focus on the television monitor vrtien i t i s in focus on the film 
plane. An electronic c i r c u i t dif ferentiates the television signal, 
and then integrates (during one television frame) the part of the 
differentiated signal that i s above a preset threshold. This analog 
value i s proportional to the sharpness of the image. A microproces­
sor then dig i t izes th i s signal and moves the stage up or down unti l 
the maximun focus level is obtained. 
An additional illumination system (not shown) makes i t possible 
to photograph a special coded label, using reflected l i g h t . The 
label is designed to be read by BioPEPR, thus simplifying the book­
keeping by having BioPEPR automatically read and store the snear 
number during the measurement process. A five d i g i t binary encoded 
decimal code, together with a checkson, i s repeated six times in the 
label . A photograph made anywhere within the central region of the 
label will then contain enough information to decode the snear 
nimbe r . 
The low magnification of the camera system makes i t necessary to 
use an extremely high resolution film. The film used is KODAK type 
649-GH, which was developed for spectroscopic applications. When 
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used with high contrast test images, a resolution of 2000 lines per 
іип can be reached. Figure 3-3 shows the spectral sensitivity of the 
film used. 
350 iOO 4S0 500 550 600 650 
WAVELENGTH [тм) 
F i g . 3-3 Spect ra l s e n s i t i v i t y curve of Kodak high r e s o l u t i o n 
film type S49-3H 
Note t h a t the film i s only s e n s i t i v e to blue and green l i g h t ; 
t h i s makes i t p o s s i b l e to use the a v a i l a b l e high r e s o l u t i o n lenses 
and to handle the film e a s i l y in the darkroom using red l i g h t . 
Although the film used was designed for high c o n t r a s t app l ica­
t i o n s , i t i s capable of being developed so t h a t almost any c o n t r a s t 
i s o b t a i n e d . Figure 3-4 shows the c h a r a c t e r i s t i c Η-D curve from t h i s 
film type, when developed under our normal processing c o n d i t i o n s . A 
gamma of 1.8 i s obtained in the developing p r o c e s s . An Agfamatic R 
(/Vgfa-Gevaert) developing machine i s used a t a speed of 3 meters per 
minute (time in deve loper : 20 seconds) . The developer i s KODAK Ver-
ibrom, a paper developer , which i s d i l u t e d by a f a c t o r of tvro above 
the d i l u t i o n normally used for machine paper development. A develop­
ing temperature of 29.5 Centigrade i s used. The s tandard Veribrom 
f i x a t i v e i s used, followed by a running water r i n s e and hot a i r dry­
ing. Fresh developer and f i x a t i v e s o l u t i o n s a re punped in automati-
: a l l y during u s e . 
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Fig. 3-4. Characteristic Η-D curve of the film used for 
BioPEPR (for development procedure, see text) 
In general, there are two dravAiacks inherent in the use of high 
resolution film: low sensitivity and latent image fading. The first 
does not present any difficulties in the BioPEPR system, as the use 
of a relatively strong illumination source (100 watts) allows an ex­
posure time of only 2 seconds. The second problem, latent image fad­
ing, means that information is lost and the contrast is reduced as a 
function of time after exposure. To minimize the effect of this fad­
ing, which is most rapid during the first 8 hours after exposure, all 
films are developed one day after they are made. This "one day 
later" developing results in consistent development characteristics 
for film taken at any time during the previous day. 
3.3 Physics Hardware: History 
In the early 1960's a great deal of research went into the de­
velopment of devices for the automatic measurement of bubble chamber 
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photographs (31) . Experiments performed with bubble chambers yielded 
thousands of photographs to be measured, but with hand measuring ma-
chines only 4 or 5 events per hour could be analyzed. Automatic 
measuring machines allov^d 50-100 events per hour to be measured, 
permit t ing s t a t i s t i c a l l y r e l i a b l e experiments . The PEPR system, 
f i r s t developed a t the Massachusetts I n s t i t u t e of Technology (MIT), 
was one of these automatic devices ; i t was f i r s t used for the auto-
matic measuring of bubble chamber p i c t u r e s in 1964 (50) . Other 
measuring systems developed in the 1960's included the Scanning and 
Pleasuring Pro jec tor (2 , 17) , the HPD/FSD (30) , the Spi ra l Reader 
(40) , and POLLY ( 4 ) . Later developments during the 1970's led to 
SvJeepnik (22) , ERASME (26) , and SAM (9) . All of the machines deve l -
oped had in common the use of a l i g h t spot or l i g h t l i n e generated 
e i t h e r by o p t i c a l mechanical means, or by a Cathode Ray Tube (CRT). 
This measurirq l i g h t spot or l i n e was then used to d e t e c t the t r acks 
of the elementary p a r t i c l e s . Some of the systems were designed only 
to d i g i t i z e , whereas o t h e r s had the p a t t e r n recogni t ion c a p a b i l i t y to 
"recognize" events during the d i g i t i z a t i o n p rocess . 
In a cathode ray tube system such as PEPR, the pos i t i on of the 
spot of l i g h t i s completely under computer c o n t r o l . The device fea-
tu res complete random access over the measuring f i e l d , allowing in-
s tantaneous pos i t i on i rq of the spot to any p o i n t . This means t ha t 
only se lec ted p a r t s of the film need to be d i g i t i z e d , reducing the 
anoin t of da ta which needs to be handled and s tored by a computer. 
Also, the hardware and software are capable of adapting to changes in 
the f i lm, even wi thin a s ing l e p i c t u r e . 
In t h e i r e a r l i e s t v e r s i o n s , scanning machines required a g r e a t 
deal of human opera tor i n t e r a c t i o n . As the s o p h i s t i c a t i o n of the 
p a t t e r n recogni t ion programs increased , the in te rven t ion of an opera-
tor was required l e s s ; usua l ly only for complex events or crowded 
photographs. Indeed, for some types of events the systems were able 
to run in t o t a l l y automatic modes. In the pa s t few y e a r s , however, 
the need for human in te rven t ion has again increased , as bubble 
chamber experiments have yielded inc reas ing ly complex even t s , coupled 
with higher and higher e n e r g i e s . The measuring machines in use today 
offer the accuracy and r e p r o d u c i b i l i t y of an automatic measuring ma-
ch ine , combined with a c a b a b i l i t y for soph i s t i ca t ed computer-operator 
i n t e r a c t i o n . 
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A great deal of the experience gained with the apparatus devel­
oped in the realm of high energy physics has been directly useful in 
the development of the machine for the automatic scanning of biologi­
cal material which forms the subject of this thesis. Obviously, the 
contributions of hardware and software techniques have been signifi­
cant. But in addition, and perhaps more importantly, experience from 
the past has influenced the design of BioPEPR to include many, some­
times highly sophisticated features for hunan interaction in the 
measuring and in the decision logic of the device. With BioPEPR, 
such interactive facilities are not necessary for the production run­
ning of the machine, but are of the utmost importance for the tuning 
of the hardware and software, as wall as for the determination of the 
accuracy of the results. 
The remainder of this chapter describes the hardware of the Bio­
PEPR device. Figure 3-5 shows a block diagram of the entire scanning 
system. The components of the system will be described as they ap­
pear in this diagram, from top to bottom. 
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Fig. 3-5 Block diagram of the BioPEPR scanning system hardware 
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In section 3.4 the CRT and magnetic coil assembly, demagnifying lens, 
film transport, and photomultiplier system are described. In section 
3.5, the tv« measuring modes of BioPEPR are defined. Section 3.6 
deals with the BioPEPR "controller" and computer configuration, 
Finally, in section 3.7 the interactive displays console of BioPEPR 
is described. 
3.4 The CRT Assembly, Lens and Film Transport System 
In this section, the mechanical structure of the BioPEPR system 
is described. A schanatic diagran of the Cathode Ray Tube (CRT) as-
sembly is shown in figure 3-6. 
f l o o d * astigma-
center tism focus deflection 
coils coils coils coils 
Fig. 3-6. Schematic diagram of the CRT assembly 
BioPEPR uses a 9-inch diameter CRT with an A6 phosphor that emits 
green l igh t . A spot of l ight i s generated on the face of the CRT due 
to the effect of an electron beam hit t ing the phosphor coated onto 
the inside of the glass face p la te . The location, shape, size and 
intensity of this spot are controlled by the voltages a t the anode, 
cathode, and gr ids , and by the magnetic f ields generated by a series 
of coils aroup.d the neck of the tube. The entire assembly is 
contained within a magnetic shield to reduce the influence of the 
ear th ' s magnetic f ie ld , as well as locally produced stray f ie lds . 
The coils alorvg the tube are of four different types: emission cor-
rection co i l s , focus co i l s , astigmatism correction co i l s , and deflec-
tion co i l s . 
48 
The emission correction coils are of two kinds: the flood and 
the center coils. The flood coils serve to position the beam within 
the apertures of the electron gun; they have been adjusted to give 
the maximum amount of light output. The center coils position the 
undeflected electron bean at the center of the face of the CRT. 
The focus coils are used to focus the electron beam on the face 
of the CRT. These coils consist of a static focus coil and a dynamic 
focus coil. The static coil is used to provide a static magnetic 
field that focusses the spot vdien the beam is not deflected, i.e. at 
the center of the CRT face. When the beam is deflected the distance 
between the CRT cathode and the light spot on the CRT face varies be­
cause the CRT face is flat, and not spherical. A change in distance 
can result in the spot being out of focus. The dynamic focus coil is 
used to generate a small correction to the field of the static focus 
coil, so as to compensate for this defocussing effect. The distance 
from the CRT gun to the light spot is a simple function of the dis­
tance between the spot and the center of the CRT face. This function 
has been built into the BioPEPR electronics, and as the spot moves 
across the CRT face the focussing of the spot takes place automati­
cally. An additional correction current can be introduced by the 
computer, allowing for an even more accurate correction of the focus 
by software. 
Astigmatism refers to the shape of the spot on the CRT face. 
The shape of the spot varies for two reasons.' The first is that the 
electron beam does not pass through the flat CRT face at the same 
angle over the entire face. What is a round spot in the center is 
oval away from the center. This deviation in shape is predictable, 
and can be corrected electronically by generating a special function 
dependent on the position of the spot relative to the center of the 
tube. The spot shape is, however, also influenced by variations in 
the design of the tube and the coils. For this reason, the amount of 
current passing through the astigmatism coils does not tpllow a 
smooth function, but rather is determined by means of a look-up table 
in a read-only memory (ROM). As the position of the spot is changed, 
the spot shape control unit continually reads out new values for the 
astigmatism correction from the RCM. In practice, a 16 X 16 matrix 
of correction values is stored in the НОЧ. The electronics then 
picks out the value in the matrix which corresponds to the current 
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spot position. For maximim precision, interpolation between matrix 
values can be done using software. 
The deflection of the bean (see figure 3-7) allows the spot to 
be positioned anywhere within a raster of 32768 by 32768 points. 
Positioning of the spot is accomplished by presenting the desired di­
gi ta l address to a very fast 15-bit digital-to-analog converter 
(ОЛС). The analog output of the DAC then drives the deflection mag­
nets of the CRT assembly. Because the spot i s generally swept faster 
in the X (horizontal) direction than in the Y (vertical) direction, a 
faster, higher quality DAC has been installed for X deflection. 
, 32.766 „ 
LOCATIONS 
Fig. 3-7. Scanning directions used in BioPEPR 
Deflection of the beam across the flat CRT face also introduces 
a geometric deviation known as pincushion distortion. This distor­
tion, which results in "curved" X and Y axes in the corners of the 
СНГ, is relatively small however. Since BioPEPR is designed to meas­
ure biological images that inherently have a great deal of normal 
variation in their morphology, correcting for this distortion is not 
necessary. Also, the "local" nature of the measurements make this 
distortion relatively unimportant; no geometric parameters are meas­
ured over any large section of the CRT face. 
The light spot at the face of the CRT is projected onto the film 
by an extremely high resolution lens (ОРГЕК 2004), which at the same 
time demagnifies it by a factor of two. The film is fixed in the 
focal plane of the lens by two glass plates that are held together by 
compressed air at a constant pressure, rhe film, usually rolls 40 
meters long, is advanced frame by frame through the film gate by a 
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film transport system, vrtiich also rewinds the film after it has been 
fully measured. 
The light passing through the film is measured by a highly sen­
sitive photomultiplier tube (Sil phosphor) . The system is capable of 
detecting relative differences in the level of light transmitted 
through the film as snail as 1/100 of the total range. The amount of 
transmitted light is actually dependent on two factors: the density 
of the film and the light output of the CRT. In practice the light 
output of the CRT is not constant, due to deviations in the thickness 
of the phosphor and to impurities in the phosphor. To correct for 
this deviation, the face of the CRT is directly monitored by three 
photomultiplier tubes. The combined signal of these three tubes is 
divided into the output of the signal photomultiplier by an electron­
ic divider circuit; the resulting signal then represents only the 
changes in the density of the film. 
3.5 Definition of Measuring Modes 
Before v*e describe the steering and analysis electronics of Bio-
PEPR, it is useful to examine the different measuring modes that Bio-
PEPR uses to extract information from the film. With the above des­
cribed system, the position of the measuring spot on the film is to­
tally under electronic control, and all major distortions are cor­
rected for. The implementation of this basic hardware depends on the 
application, however. In the physics PEPR system, for example, pri­
marily only a "geometry" measuring mode is required in order to de­
tect line segments representing the tracks of elementary particles on 
the bubble chamber film. For biological material, the optical densi­
ty is often as important as the geometrical information. The geome­
try measuring mode is called the "з даер mode" because it detects ob­
jects while the light spot is in motion. The optical density measur­
ing mode has been called the "strobe mode" because the light spot is 
kept stationary and is flashed on and off for only a short time. 
Either mode can give information about both kinds of data: 
geometrical as veil as darkness. With the sweep mode, a threshold is 
set by the computer, thus defining the sensitivity of the detection 
in terms of a darkness threshold. With the strobe mode, geometrical 
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information (e.g. edges) can be readily obtained by choosing a 
threshold, strobing a line or area, and then looking with software 
for transitions across a darkness theshold. In practice, however, 
the sweep mode is faster but less accurate than the strobe mode. 
Nearly all of the conventional biological scanning machines use 
only a method similar to the strobe mode, which requires that infor­
mation from each point be processed. With BioPEPR, it was decided to 
implement both of the above-mentioned scanning modes, because high 
speed is essential for the practical implementation of a prescreening 
system. 
In BioPEPR, the sweep mode moves the spot of light in either the 
X or the Y direction and detects the crossing of a preset darkness 
threshold as light trananittance through the film changes. Data from 
the sweep are recorded as the address in the raster Ліеге the light 
trananission passed above the threshold (the leading edge), and the 
address where the transmission returned to a value below the 
threshold (the trailing edge). During the sweep, corrections are 
made electronically for varying background density (see section 3.4). 
In the second mode of operation, the strobe mode, the light 
transmittance is digitized at discrete points on the film. Eight 
bits (256 levels) of digital information are obtained, although in 
practice the grey level discrimination of the device is only on the 
order of 64-100 levels. 
3.6 Computer and BioPEPR Controller 
The computer and the BioPEPR controller (see figure 3-5) are 
used for directing the hardware to execute the measuring modes 
described above as veil as to analyze the resulting data. The com­
puter is a Digital Equipment Corporation PDP 11/40 computer with 28K 
of 16-bit memory, a minicomputer of average price and speed. Two 
RK05 disks are used for program and data storage. For the majority 
of operations, the speed of the BioPEPR hardware and the speed of the 
computer are well matched. There are, however, two steps in the 
analysis which are particularly computer-intensive and which slow 
dovm the total analysis time of the system. The use of a micropro­
cessor to operate in parallel to the 11/40 during these computer in-
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tensive operations is being investigated. Such a modification could 
ultimately resul t in a two- to three- fold increase in computer 
роьег. 
The controller i s the electronic heart of the BioPEPR system. 
Here relatively simple commands from the computer are translated into 
the electronic signals required to sveep and/or strobe and to store 
data in the contro l le r ' s memory. This memory i s in fact a dual memo­
ry: data from the current sweep can be stored in one memory while 
the computer i s reading out and analyzing the data stored from the 
previous sweep in the other memory. This vay there i s no need to 
stop the sweeping operations of BioPEPR in order to read out measure­
ment resu l t s . 
To sveep the l ight spot in the X or the Y direct ion, a clock 
pulse i s used to increment either the X or Y reg i s ter . This clock 
pulse is switchable between two rates , allowing the speed of the 
sweep to change. The slovrer the sveep, the more accurate the result­
ing data are . The higher speed is ideally suited for locating ob­
jects, while the slower speed is appropriate for makirq more accurate 
measurements of various geometrical parameters. 
The contents of the X and Y regis ters - i . e . the d ig i ta l loca­
tion of the l ight spot - are converted to an analog signal by means 
of two DAC's. These analog signals are used to drive the magnetic 
coi ls that deflect the electron beam of the CRT, thus controlling the 
position of the l ight spot on the CRT face. The analog signals from 
the EAC's are further used to drive the dynamic focus c i r c u i t which 
keeps the spot in focus. The dig i ta l information that i s fed to the 
DAC is also given to the astigmatism correction electronics . The 
correction values for the astigmatism coi l s are fetched from the RCW 
and are transferred to the coi l s via an B-bit DAC. 
The controller also contains the analog cel l detection electron­
ics . As mentioned, an electronic divider c i r c u i t i s used to correct 
for deviations in l ight output of the CRT. This c i r c u i t i s followed 
by the background subtraction c i rcu i t for the sweep mode, which works 
by tracking the most negative part of the signal as a measure for the 
background darkness level of the film (see figure 3-8). Positive 
going signals representing the ce l l s are not seen by th i s c i r c u i t . 
When a ce l l i s present, the c i r c u i t holds the l a s t most negative 
value as input for the subtraction electronics . 
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RAW SIGNAL 
DETECTED BACKGROUND 
SIGNAL AFTER 
BACKGROUND SUBTRACTION 
Fig. 3-8. Signal correction for variations in background 
After correction for phosphor noise and subtraction of the back-
ground, the signal is passed to a c i rcu i t vrfiich compensates for the 
afterglow of the CRT phosphor (see figure 3-9). 
BEFORE AFTERGLOW CORRECTION 
AFTER AFTERGLOW CORRECTION 
Fig. 3-9. Signal correction for afterglow of CRT phosphor 
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At the speed at which the spot is moving, the spot has a small " t a i l " 
due to the relat ively long persistence of the phosphor. The profile 
obtained from the measurement of a ce l l i s consequently broader and 
less steep than i t should be. Phis c i rcu i t compensates by adding the 
derivative of the signal to the signal i t se l f . Thus, a signal which 
is rapidly increasireg in amplitude will increase even more rapidly 
since the derivative is posi t ive. Conversely, a signal vrtiich is de-
creasing will decrease even more rapidly because the derivative will 
be negative. 
In the sweep mode, the leading and t ra i l ing edges of objects are 
determined. This is accomplished by an analog comparison of the am-
plitude of the measuring signal to a chosen threshold value. This 
threshold value is obtained by converting a d ig i ta l threshold from 
the computer into an analog signal via an 8-bit DAC. The addresses 
of the points at vrtiich the signal passes the threshold are sent to 
the cont ro l le r ' s memory. 
In the strobe mode, the signal from the divider is integrated 
for a period of 10 microseconds. The resul t of this integration i s 
stored in a sample-and-hold c i r cu i t , and is fed through an 
analog-to-digital converter bo the computer. This conversion re-
quires five microseconds. 
3.7 Display Console 
After measurements have been obtained using the mechanical and 
electronic hardware described above, they must be interpreted by the 
pattern recognition programs of the computer. To aid in the develop-
ment of these programs, and to tes t the accuracy of the measurements 
and their interpretat ion, i t is essential that the measuring system 
have the capability of interacting with i t s himan programmers and op-
erators . In the BioPEPR system a display console has been developed 
to allow visualization of the film and measurement r e su l t s . Figure 
3-10 shows a photograph of the display console. 
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Fig. 3-10. BioPEPR display console 
The television monitor at the left is the analog television which 
displays a section of the film at a given location and at a preset 
magnification. This system works by generating a TV scan pattern on 
the face of the CRT. The output of the analog system, corrected for 
phosphor noise and afterglow, is used to modulate the darkness of the 
television monitor, thus allowing the image of an area on the film to 
be reproduced on the monitor. The center of the field, indicated by 
a cross on the monitor, corresponds to the current value of the X and 
Y registers. While the monitor is on, the value of the X and γ re­
gisters can be manually changed with the help of a speedball. This 
allows the operator to move the field of the TV, and ultimately to 
position the center cross on an object of interest. The size of the 
scan field on the CRT can also be varied, giving a change in the mag­
nification of the picture. There are currently three magnifications 
available (1000 X, 2000 X, and 5000 X magnification with respect to 
the cell plane) . 
The television in the middle of figure 3-10 is a 
graphic/alphammeric display on which the computer can display re-
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sui ts and/or messages, or "draw" c e l l s , histograms, and so on. This 
display is based on two (commercially available) printed c i rcu i t 
boards containing a small amount of memory and the necessary TV in-
terface c i rcui t ry . The f i r s t board (MWROX 256**2) allows a graphics 
display of 256 by 256 points. This board appears to the computer as 
a single memory register in vtfiich the location on the screen of the 
point to be displayed must be given in the upper and lower byte. The 
second board (MATROX 2480) displays 24 l ines of 80 characters each. 
This board appears to the computer as tv» memory locations. The 
f i r s t is the location on the screen of the character to be displayed, 
and the second is the ASCII code of the character and i t s display 
mode. The character display modes include black on white, white on 
black, blinking white on black, and half intensi ty . 
The third display in figure 3-10 i s a video computer terminal 
(Tektronics 3023) for communication with the computer. The terminal 
communicates a t 9600 baud using an RS232 interface. 
In the foreground of figure 3-10 two additional accessories are 
v is ib le : the speedball and the switch box. The speedball allovs the 
operator to move the center of the analog TV display. The switchbox 
consists of 18 toggle switches and 18 push buttons, a l l illuninated 
by LED's. These switches can be read by the computer and offer var i -
ous ways for the operator to interact with BioPEPR. 
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СНАРГЕН 4 
SOFWARE 
4.1 Int roduct ion 
The basic software strategy Eor the analysis of cervical ce l l s 
can be approached in two ways. The f i r s t , and the most obvious, i s 
to develop computer programs that measure and quantify the visual, 
morphologic indicators that ara used by human analysts in deciding 
whether ce l l s are normal or abnormal. Examples of th i s approach are 
found in the work of Tucker (70) , Mendelsohn (43) , and Poulsen (54) . 
The second approach is to search for (more sophisticated) theoretical 
pattern recognition algorithms and s t a t i s t i c a l methods to find "com­
puter-oriented" descriptors which, although they may or may not be 
direct ly related to vAiat the human sees, s t i l l give a quantitative 
and reproducible means of differentiating between normal and abnormal 
c e l l s . Foremost in the use of this second approach are Wied and Bar­
te l s (5, 77). Although the "computer oriented" approach may u l t i ­
mately result in a computer aided diagnostic system vdiich offers a 
more accurate and more reproducible diagnosis than is currently ob­
tainable from the pathologist, i t also has several practical draw­
backs. To begin with one must create a new set of descriptors and a 
new data base using these descriptors on viiich future diagnosis deci­
sions can be based. In addition, the computer algorithms involved 
are necessarily complex and thus re lat ively time-consuning. For an 
efficient pre-screening system, where simplicity i s essential for 
reaching the analysis speed required, the f i r s t approach (of imitat­
ing the pathologist) is to be preferred. In terms of software dével-
oppent, th is approach also has the advantage that the researcher can 
s t a r t from a relat ively simple strategy and gradually build in addi-
tional pathologic c r i t e r i a as the system evolves. 
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Following this morphologic approach, several basic capabilities 
are required in order to classify cells in a smear. The scanning 
system must be able to locate cells, and to measure such cell parame-
ters as nuclear area, nuclear integrated optical density (total nu-
clear material) , and cytoplasmic area. In most cases a cell with a 
nucleus with an abnormally high integrated optical density will be 
correctly classified as abnormal. There are, however, certain normal 
cells which may have a relatively high integrated optical density. A 
nucleus may also be flagged as suspect due to cell preparation arti-
facts or due to conditions commonly present in the reproductive tract 
that affect nuclear content—such as infections, hormone changes, or 
the presence of bacteria. For these reasons, the measurement of nu-
clear density is not sufficient to correctly classify abnormal cells 
as such. Studies have shown, however, that the ratio between nuclear 
area and cytoplasmic area gives enough additional information about 
the "suspect" cells to be able to correctly differentiate the vast 
majority of cells (73) . 
In a typical cervical anear, nuclear density and 
nuclear/cytoplasmic ratio cannot always be unambiguously measured, 
due to the presence of cell overlaps, artifacts, leukocytes, and the 
destruction of cells through cytolysis or other conditions. Besides 
being able to measure cells themselves, an automatic scanning system 
must therefore be capable of detecting situations which could be 
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classified incorrectly. Programs are needed that enable the system 
to recognize the overlapping of tvro or more nuclei, the overlapping 
of tv« or more cytoplaans, and the presence of artifacts and clusters 
of leukocytes. By discounting measurements made on such objects, or 
by modifying the measurement results in light of new knowledge gained 
about the object, the basic measurements become more reliable. 
The way in vrtiich the measurement and recognition algorithms are 
implemented is of great importance. Measuring all of the above men-
tioned parameters for each cell would not only require a great deal 
of computer time, but for most cells would provide more information 
than is actually necessary to diagnose that cell. For these reasons, 
the decision as to vhich parameters of a given cell must be measured 
by BioPEPR is made by the computer usircj a hierarchical decision 
strategy. This strategy allows the system to operate at optimal 
speed by measuring only the parameters necessary for classification 
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of each c e l l , yet allows a high rate of detection effectiveness when 
properly optimized. Using this strategy, ce l l s are classified as e i­
ther normal or suspect. A decision as to whether the entire smear is 
normal or suspect can then be made on the basis of those individual 
ce l l s that have been designated as suspect. 
In this chapter, the software of the BioPEPR system is present­
ed. Го begin with we will give a detailed explanation of the algor­
ithms used in the BioPEPR cel l measurement and pattern recognition 
programs. Afterwards, the implementation of the cell-level 
hierarchical decision strategy will be discussed. 
4.2 BioPEPR Programs 
In this section the computer programs that control BioPEPR are 
described. These programs steer the measurement spot over the film, 
as well as interpret the signals sent back to the computer as a re­
sul t of the spot movement. Some of the computer programs described 
here measure morphologic characterist ics of the c e l l s : nuclear area, 
nuclear shape, nuclear optical density, and cytoplasmic area. Others 
are used to find the darkness "threshold" that discriminates between 
nucleus and cytoplasm, recognize the presence of leukocytes, and re­
cognize the overlapping of c e l l s . 
4.2.1 Nuclear Location and Area Measurement 
The location and measurement of the ce l l s begins with the nu­
c l e i , because they are generally darker (offering a larger 
signal-to-noise rat io to the detection system) and anal 1er (causing 
fewer problems with overlapping) than the cytoplasms. To maximize 
speed the cel l analysis decision strategy i s designed to use only nu­
clear measurements wherever possible; the area of the cytoplasm is 
so big that a relat ively large amount of computer time is required to 
measure i t . The software used for locating cel l nuclei i s intimately 
related to the scanning hardware, and uses BioPEPR's highest speed 
sweeping mode. The sweep mode has the advantage that only a limited 
amount of information is sent to the computer, namely the adresses of 
the leading and tra i l ing edges of objects vrfiich i t detects while 
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sweeping. Per cell only a handful of nunbers must be handled in 
order to define the nuclear boundaries and area, minimizing software 
complexity and system time. 
The software for nuclear detection and area measurement is es­
sentially a sophisticated bookkeeping algorithm. At the completion 
of each sweep the program takes the information from the BioPEPR 
buffer, matches each leading edge address with the appropriate trail­
ing edge address, and discards any spurious leading or trailing edges 
caused by noise. Each pair of leading/trailing edges is then matched 
to pairs found in the previous sweep line. This is done as shovr» in 
figure 4-1. 
lead A іщ^ ^ті trail A 
lead В Ir ·—*·*--J trail В 
REQUIRED: 
trail A > lead В 
lead A < trail В 
Fig. 4-1. Procedure used to match data from a new sweep 
l ine to data from the previous sweep l ine 
The computer program matches the lead irq/trail ing edge pairs found in 
successive sveeps by requirirvg that the address of the t ra i l ing edge 
of one pair (A) be greater than the address of the leading edge of 
the other (B) and that the leading edge of the f i r s t pair (A) i s less 
than the t ra i l ing edge of the other pair (B). When such a match i s 
found, th i s new information is used to update a data buffer in vrtiich 
the location of the cel l and i t s area are held. Certain conditions 
i l lustrated in figure 4-2 show how the beginning of a new object or 
the end of an old object i s detected, and how the sp l i t t ing or join­
ing of two objects i s recognized by the program. 
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A) 
В) 
С) 
hew" object 
finished" object 
< - objects 
splitting 
D) objects joining 
Fig. 4-2. Use of the matching procedure to detect a "new" 
object (A) , a "finished" object (Β) , sp l i t t ing 
objects (C) and the joining of two objects (DJ 
In figure 4-2 A, a new object i s detected because i t f a i l s to meet 
the requirements that the leading edge of the segment in the new nu­
cleus is greater than a neighboring trai l ing edge in the previous 
scan l ine and that the t ra i l ing edge in the new segment i s less than 
62 
the next sequential leading edge in the previous scan l i n e . Figure 
4-2 В shows how the program recognizes that a nucleus has been com­
pletely measured. This is essential ly the opposite s i tuat ion to the 
recognition of a new nucleus; the l a s t segment of the completed nu­
cleus in the previous scan l ine l i e s between tvro neighboring segments 
in the new scan l i n e . When tvro new l ine segments match one segment 
frati the previous scan l i n e , as shown in figure 4-2 C, then both of 
the new segments update the same "growing" object. This indicates to 
the program that the object is " s p l i t t i n g " . Finally, when two separ­
ate objects combine into one (figure 4-2 D) the information from the 
"second" is combined with that of the " f i r s t " . 
A flag in the object ' s storage area provides for the s i tuation 
that a nucleus is found to be "growing" a t one point in the scan 
l ine , and is la ter declared "finished" in the same l i n e . Figure 4-3 
shows an example of such a case. 
here 
"finished"—» V ^ / \ I *-here 
still "growing" 
Fig. 4-3. A flag is used to check for the poss ibi l i ty of tvro 
different classifications of a cell on one sweep line 
By checking the flag the computer avoids passing such contoured ob­
jects as shown in figure 4-3 prematurely to the remaining analysis 
programs. 
The nuclear location and area measurement program has been care­
fully designed and written in assembler language in order to allow 
the location of nuclei and the measurement of their area to go on 
without having to stop the BioPEPR sweep. The program is capable of 
operating at speeds of up to 1000 nuclei per second. As each nucleus 
is located and measured, its area is checked against a cutoff value 
to see whether it is suspiciously large. If this is found to be the 
case then the data about this nucleus are saved in a storage buffer 
for suspect cells. If the nuclear area is not too large the nunber 
of "normal" cells found is incremented by one, and the cell is not 
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analyzed any further. Once this decision is made, the storage area 
used to hold the data about the nucleus is re-used for subsequently 
detected nuclei. After a certain number of l ines have been scanned 
(currently 25) the "suspect" buffer i s checked. If there are any 
suspect nuclei present the sweep i s stopped and further measurements 
are made on those c e l l s . In practice betveen 80 and 90% of the nor­
mal ce l l s in a typical anear can be accurately diagnosed as normal 
simply by measurement of nuclear area. Being able to eliminate these 
obvious normal c e l l s with the fast sweep scan results in an extrenely 
fast scanning system. 
4.2.2 Leukocyte Recognition 
The recognition of the presence of leukocytes in a cervical 
smear i s an important aspect of quality control . Since the decision 
on a smear is par t ia l ly based upon the fraction of suspicious ce l l s 
in the tota l nunber of c e l l s , one must know with a fa i r ly high accu­
racy the total nunber of diagnostically valuable c e l l s in the anear. 
Го do t h i s , leukocytes must be recognized and excluded from the total 
nunber of objects found in the anear. A anear containing a very 
large nunber of leukocytes may also be d i f f icul t to diagnose due to 
the high chance that the diagnostically valuable c e l l s may be hidden 
under layers of leukocytes. Thus, knowing the amount of leukocytes 
present can be used to aid in the anear-level decision. 
The nuclear size of leukocytes i s close to that of the normal 
diagnostically valuable ce l l s with anali nuclei (superficial cells) 
that are classified as "normal" in the f i r s t sweep. In practice i t 
MDuld be too time-consuming to make a decision about each of the vast 
number of c e l l s with small nuclei found as to whether i t is a leuko­
cyte or a dignostically valuable c e l l . For th i s reason, BioPEPR only 
analyzes a certain proportion of the c e l l s with anali nuclei in order 
to get a s t a t i s t i c a l idea of how many leukocytes are present. 
Currently 6% of the small nuclei are sampled. Leukocytes (generally 
only polymorphs are present) have very small cytoplasms by comparison 
to normal c e l l s with anali nuclei; the l a t t e r are usually highly 
differentiated ce l l s (superficial epithel ia l cells) with large, pan­
cake-shaped cytoplaans. A leukocyte can therefore be easily d i s t in-
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guished by detecting its cytoplasm and estimating its 
nuclear cytoplasmic ratio. This estimate is made by making a profile 
of the cell in the horizontal and vertical directions with the nu­
cleus at the center. Figure 4-4 shows profiles for a leukocyte (4-4 
A) and a superficial cell (4-4 B ) . 
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Fig. 4-4. Transmittance profiles of a leukocyte (A) and a 
superficial cell (B) 
The leukocyte profile shows very little or no flange, whereas the 
differentiated epithelial cell shows a distinct flange representing 
its cytoplasm. In addition to this test, the diameter of the nucleus 
is also checked to be sure that the profile measurement was made on 
an isolated cell. 
4.2.3 Thresholdirq Algorithm 
Accurate detection of the nucleus and cytoplasm plays an impor­
tant role in the efficiency and speed of a cell measuring system. 
Without the proper discrimination, incorrect measurements of the nu­
cleus and cytoplasm will lead to unacceptably high false alarm and 
missed positive rates. A great deal of effort has been spent in d e ­
veloping high quality algorithms for the thresholding of Papanicolaou 
stained cells. Yet these algorithms are invariably complex and time 
consuning. The approach we have taken to this problem in the BioPEPR 
project has been twa-fold. First, as outlined in Chapter 2 , staining 
methods have been developed vrtiich yield a much higher contrast 
betwsen the nucleus and the cytoplasm than was previously obtainable 
with the Papanicolaou staining method. Secondly, the computer 
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algorithms for thresholding have been designed to operate in two 
stages. The net result is a simple and fast, yet highly effective 
detection method. 
In the first step a fixed discrimination level above the back-
ground level is used for the initial location of the nuclei and meas-
urement of their area. It is important to note here that this 
"threshold" level is actually fixed only in relation to the local 
background level of the film, not in the sense of absolute densities. 
This "floating" is accomplished in the hardware, giving the advantage 
of speed. If the resulting area measurement is large, a more sophis-
ticated thresholding algorithm is called into use. In practice, this 
second thresholding is only required for cells having larger nuclei. 
Figure 4-5 illustrates the concept behind the two-stage method. 
Fig. 4-5. Thresholding results for a cell with a lightly 
stained cytoplasm (A) and a darkly stained 
cytoplasm (B) . The dotted line represents the 
fixed sweep threshold and the solid line 
represents the variable strobe threshold 
Figure 4-5 A shows a profile made with the strobe mode of a typical 
differentiated normal cell. Note the high contrast between the nu-
cleus and the cytoplasm, the lightness of the cytoplasm, and the 
steepness of the edges of the nucleus. This sort of cell is rela-
tively insensitive to the positioning of the threshold and a fairly 
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accurate indication of nuclear area can be obtained without the use 
of complex thresholding algorithms. As the figure indicates, both 
the initial "sweep" threshold (dotted line) , and the second "strobe" 
threshold (solid line) would have given the same area measurement. 
The great advantage of the use of the first rough threshold is that 
the vast majority of cells, which are either obviously normal cells 
or leukocytes, can be identified quickly, and the system need only 
devote time to the more complex patterns of cells or objects which 
resemble abnormal cells. Less differentiated cells and other types 
of cells, including abnormal cells, generally have a darker cytoplasm 
which can confuse the initial thresholding. An example is shown in 
figure 4-5 B. Here the "fixed threshold above background" vhich was 
used for the sweep area measurement has actually included a piece of 
the cytoplasm along with the nucleus. In many such cases the large 
"nuclear" area would cause this cell to be flagged as "suspect", re­
quiring further analysis. 
The determination of the proper threshold required to discrimi­
nate betwsen the nucleus and cytoplaan of those cells requiring 
further analysis is accomplished using darkness profiles of the cell 
as shown in figure 4-5. Both the horizontal and vertical directions 
are used in order to minimize mistakes in cases vfriere the nucleus is 
at an edge of the cytoplasm. The procedure for determining the 
threshold is illustrated in figure 4-6. 
-80·/β m a x . 
search 
Fig. 4-6. Procedure used for the determination of the 
variable strobe threshold 
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The algorithm scans alorvg the profile starting from the edges until 
it finds a point approximately 80% of the way up along the wall of 
the nucleus. From this point onwards the computer looks for an in-
flection point in the direction away from the middle of the nucleus. 
This check is not made from the top of the nucleus because nuclear 
structure could result in additional inflection points. The 
algorithm then uses the darkest of the average of each pair of in-
flection points (horizontal and vertical) as the new threshold value. 
After the threshold is found, a local scan is then done, using 
the new threshold. This scan is made at a higher resolution than 
that used during the initial location of the object vdiich was made 
using the svreep mode. This time the slower, more accurate strobe 
mode is used and smaller steps are taken in the vertical and horizon-
tal directions. This new, more accurate measurement of the nuclear 
area is now used to see vrtiether the nucleus is of a "normal" or a 
"suspicious" size. If the size remains suspicious, the measurement 
data are saved for later checks on nuclear shape and nuclear dark-
ness. 
4.2.4 Shape Recognition 
Probably the most difficult aspect of the programming of a scan-
ning system is the accurate identification of artifacts, cell over-
laps or clusters that may otherwise appear to the system to be an ab-
normal cell. If too many of these false alarms are not detected, the 
system cannot efficiently discriminate between normal and abnormal 
anears. Certain types of normal smears contain a great many such 
problematic objects. This is especially true when the cell sample is 
taken during menstruation, when a great many leukocytes are present. 
Leukocytes often form tight clusters which are difficult to distin-
guish from abnormal cells. 
The shape of the object is derived using the data obtained dur-
ing the second, local "strobe" scan of the nucleus (see paragraph 
4.2.3). Cell nuclei are most frequently round or oval. Perhaps the 
most accurate way to check this condition would be to fit an ellipse 
to the data. Because this is a computationally complicated fit, 
however, the left hand side of the object (leading edges) and the 
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right hand side of the object ( t rai l ing edges) are independently f i t -
ted to a parabola (see figure 4-7) . 
parabola 
fit 
Fig. 4-7. Shape detection: f i t t ing the leading and 
trai l ing edges independently to a parabola 
This f i t , which is actually a second order polynomial least squares 
f i t , i s accurate enough to detect irregular shapes, and has the ad-
vantage of high speed. The fact that the data in the vert ical direc-
tion is taken in equal steps simplifies the calculation even more. 
Before the f i t i s done, a simple shape check is made by deter-
mining the ratio between the height and width of the object. This 
check catches cigar-shaped objects, including some that could la ter 
pass the parabola check (see figure 4-8) . 
width -» height 
Fig. 4-9. Detection of cigar-shaped objects by the 
calculation of a height-to-width ra t io 
Such long narrow objects are generally fibers or ce l l s that are 
rolled up into a tube. Since these objects are often very large and 
dark, they could otherwise be mistaken for abnormal c e l l s . 
An object that f a i l s one of the two shape checks is designated 
as unknown. No further attempts are made to determine what these ob-
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jects are. Later, the total nimber of such unknown objects detected 
is taken into account in the decision concerning the entire smear. 
At present the number of unknown objects is subtracted from the total 
number of objects found in the photograph. The question as to bleth-
er the total nunber of unknown objects gives additional information 
relevant to the smear level decision making is being investigated. 
4.2.5 Nuclear Optical Density 
During the area remeasurement and shape check, information has 
been obtained as to the transmittance of the film at as many discrete 
points in the nucleus as possible, using the tnaximun resolution of 
the BioPEPR system (about 1 micron on the cell plane) . It should be 
noted here that these values have not been electronically corrected 
for background variations in the film as v«re the sweep values. In 
order to get a true density value, the local background of the cell 
must be determined. This background value is obtained from the 
re-threshold ing program; during the second thresholding a cell pro-
file is made which includes a great many points outside of the cell. 
The average of the five lowest values found in this profile is used 
as the background value. The density value at each point used in the 
nuclear optical density program is corrected using this local back-
ground value. Nuclear integrated optical density is then calculated 
by summing all of the individual density values within the nucleus. 
Figure 4-9 shows a simple model of a cell deposited onto a mi-
croscope slide. 
Fig. 4-9. Model of a cell, showing how some cytoplasmic 
protein is measured during nuclear density 
measurement 
The nucleus lies partially on top of the cytoplaati; as a result the 
density measurements in the nucleus will integrate over cytoplasmic 
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protein as well as nuclear DNA and nuclear protein. In order to cor-
rect for the additional absorption caused by the cytoplasmic protein 
(that may affect the nuclear measurements) , a value equivalent to one 
half of the integrated darkness between the background and the top of 
the cytoplasm is subtracted. In practice th is procedure has been 
found to correctly reduce the width of the distr ibution curves of the 
integrated nuclear darkness for normal c e l l s . 
The nuclear optical density program also calculates the average 
and the standard deviation of the measured optical density values. 
In theory, the standard deviation should give some indication of the 
nuclear texture, vAiich could be useful in discriminating between nor-
mal and abnormal c e l l s . In practice, i t appears that the 1 micron 
accuracy used does not give sufficient information about the nuclear 
texture. The use of the standard deviation as a measurement of tex-
ture is also complicated by the three-dimensional spherical shape of 
the nucleus. I t is s t i l l possible, hovever, that further analysis 
may yield a low resolution (one micron) texture parameter that i s 
useful for certain diagnoses. 
4.2.6 Cytoplaanic Area 
As mentioned in section 4 . 1 , the ra t io between nuclear area and 
cytoplasmic area (the N:C ratio) i s a useful parameter for differen-
tiating between normal and abnormal c e l l s . A progran has been devel-
oped that uses the strobe mode to find the cytoplaan belonging to a 
specific nucleus and to measure the cytoplasmic area. Because of the 
relat ively large size of the cytoplaan, strobing is done with a step 
size of 2 microns. The strobe mode is used instead of the sweep mode 
because the cytoplasms often have very low contrast with respect to 
the background. Although some l ight ly stained cytoplasms of normal 
differentiated ce l l s may be incorrectly measured occasionally, the 
smaller darker cytoplasms of the diagnosticaily borderline ce l l s are 
alvrays easily detected. This progran works by strobing out from the 
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center o£ the nucleus in the horizontal directions until the edges of 
the cytoplasm are reached. This strobing pattern is continued above 
and below the nucleus until the top and the bottom of the cytoplasm 
are detected. 
4.2.7 Recognition of Overlapping Cytoplasms and Leukocyte Clusters 
A final program allows the detection of the overlapping of two 
or more cytoplasms in order to provide a better estimate for the nu-
clear: cytoplasmic ratio. This reduces the nunber of missed posi-
tives v^ iere there are clusters of abnormal cells or an abnormal cell 
touching a normal cell. Figure 4-10 illustrates the case of an ab-
normal cell touching a normal intermediate cell. 
Fig. 4-10. A case of an abnormal cell touching an intermediate 
cell, vdiich would require a correction of the 
cytoplasm measurement when measured by BioPEPR 
The program uses the darkness information obtained in the cytoplasm 
measurement program to count, within the boundaries of the cytoplasm, 
72 
the number of objects with a darkness value above the nuclear 
threshold. If there is more than one such object within the cyto­
plasmic boundary it is assumed that there is cell overlap and the 
value of the nuclear:cytoplasmic ratio is scaled up by a factor of 2. 
The presence of a large number of individual nuclei within the 
same cytoplasmic boundary usually indicates that the object is in 
fact a tight cluster of leukocytes that passed the shape test. This 
information, i.e. the fact that a cluster is present, can be used to 
reject the object as unknown, and thus to prevent the misclassif ica-
tion of tight clusters of leukocytes as abnormal cells. 
4.3 The Hierarchical Decision Strategy 
The figure below shows the measurement results using the pro­
grams described in the previous section for a typical normal cell 
(i.e. a superficial cell), and a typical abnormal cell (a moderately 
dysplastic cell) . 
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Fig. 4-11. BioPEPR measurements of a superficial cell (A) 
and a moderately dysplastic cell (B) . Area 
measurements are in square microns; height:width 
ratio (H/W) shown is ten times the actual value; 
and density measurements are in nonstandard, 
BioPEPR units 
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As mentioned in the beginning of t h i s chap te r , the development of an 
automatic device for prescreening r equ i r e s both speed and accuracy. 
If a l l of the parameters shown in the f igure were always measured, 
then the a na ly s i s of the required 10 to 15 thousand c e l l s vrould take 
an extremely long t ime. In the BioPEPR system the tvio f ac to r s of 
speed and accuracy a re optimized by using a h i e r a r c h i c a l b inary d e c i -
sion s t r a t e g y in order to decide whether a c e l l i s normal or abnor-
mal. Phis s t r a t e g y , commonly re fer red to as a dec i s ion t r e e , has 
been designed so t ha t a minimun amount of information about each c e l l 
i s required in order to make a c o r r e c t d e c i s i o n . Normal supe r f i c i a l 
and in tennedia te c e l l s , as v e i l as l eukocy tes , u sua l ly conta in nucle i 
which are too s n a i l to be associa ted with cancer or i t s p r ecu r so r s . 
Therefore , these c e l l s can be immediately c l a s s i f i e d as normal a f t e r 
only a rough measurement of nuclear a r e a . On the o ther hand, for ab-
normal c e l l s or normal c e l l s with big n u c l e i , a l l poss ib le measure-
ments of the c e l l must be made in order to minimize the nunber of 
f a l s e alarms or missed p o s i t i v e ca se s . 
Figure 4-12 shows a schematic r ep resen ta t ion of the t r e e s t r u c -
t u r e . At each branch-point in the t r e e , con t ro l i s passed to the 
l e f t or r i g h t , depending on whether the r e s u l t of the parameter meas-
urement i s higher or lower than a p r e s e t threshold v a l u e . 
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Fig. 4-12. The hierarchical decision strategy 
In figure 4-13 examples show how different types of objects 
proceed through the tree structure and ultimately are classified as 
normal, abnormal, leukocyte, or unknown. Each of these examples are 
explained in the text below. Two factors vrere involved in the choice 
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of nuclear area as the f i r s t tes t a t the top of the t r e e . The f i r s t 
factor vas the high intr ins ic speed of BioPEPR in detecting object 
widths and i t s capability of correcting electronically for background 
variat ions. The second factor is the high diagnostic value of the 
nucleus. 
As explained in the previous section, the area check i s a rough 
measurement of nuclear area; tvro micron accuracy and a relatively 
crude thresholding technique are used. Nuclei smaller than a preset 
size of 48 square microns (approximately equal to the area of a in­
termediate cel l nucleus) are immediately classified as normal. In 
addition, a certain percentage of these normal ce l l s (currently 6 %) 
are sampled to see whether they are epithel ia l c e l l s or vrtiether they 
are in fact leukocytes. Figure 4-13 A shows the path taken through 
the tree by a typical normal c e l l , a superficial epithel ia l c e l l . 
Figure 4-13 В shows the path for a leukocyte. 
A "nucleus" larger than the i n i t i a l size cutoff for normal nu­
clei is immediately checked to see if i t is too large to be a single 
nucleus. Objects exceeding a 280 square micron cutoff are usually 
a r t i fac t s or large c lusters ; they are classified as unknowi (UN) and 
are not analyzed further. The path taken by such objects is shown in 
figure 4-13 С 
At the next point in the t ree , A2, the "strobe" thresholdireg a l­
gorithm is invoked and a more accurate measurement of the nuclear 
area is made. Many normal ce l l s with darkly stained, folded, or 
overlapping cytoplaans that confused the simplistic thresholding al­
gorithm of the f i r s t nuclear area measurement are now designated as 
normal (OK) . Such c e l l s follow the path shown in figure 4-13 D. 
Nuclei that remain large after the re-thresholding are sent to 
the nuclear overlap program (NO). Figure 4-13 E shows the path 
through the tree for c lusters and ar t i fac t s detected by th i s program. 
The remainder of the tree is designed to discriminate between 
normal ce l l s with large nuclei (parabasal c e l l s , and some intermedi­
a t e , cervical colunnar and metaplastic cells) and abnormal c e l l s . 
The f i r s t program (N1) measures optical density within the nucleus. 
Two cutoff values are used in the t r e e . The higher cutoff corres­
ponds to an integrated darkness two times "normal", and the lower to 
jus t above "normal". 
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and abnormal cells (I, J) 
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The final program (NC) locates and measures the cytoplasm and 
calculates the nuclear:cytoplaanic r a t i o . A cutoff of 10% is used 
for those ce l l s having a very high integrated darkness, and a cutoff 
of 20% is used for those ce l l s falling between the tvio integrated 
darkness cutoffs. The f i r s t cutoff i s set lower because the integ-
rated darkness has already indicated that this is most l ikely an ab-
normal c e l l . Figures 4-13 P, G, and H show the paths for normal 
c e l l s , valile figures 4-13 I and J show paths for typical s l ight dys-
plastic and carcinoma in s i tu c e l l s , respectively. 
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CHAPTER 5 
BIOPEPR MEASUREMENT RESULTS 
5.1 Introduction 
In order to test the accuracy and efficiency of the BioPEPR sys-
tem in measuring cerv/ical anear s, two types of measurements have been 
made. A first set of measurements were made on a large number of 
singly lying cells, which were simultaneously classified by a pathol-
ogist. These measurements serve the purpose of providing a data base 
that can be used to tune the decision tree to optimal efficiency, and 
to test the accuracy of BioPEPR in classifying various cell types. A 
second set of measurements were made on entire cervical anears. 
These measurements allow us to test the performance of BioPEPR under 
more realistic, non-ideal conditions, including anears with arti-
facts, overlapping nuclei, and clusters of cells and leukocytes. 
In this chapter the results of these two sets of measurements on 
BioPEPR are presented. The single cell measurement results are pre-
sented first, and the way in which these data were used to optimize 
the decision tree is discussed. Next, the anear level measurement 
results from a feasibility study of 192 smears are presented. 
Following this, the organization of the field test is described. 
Finally, the measurement results from 1400 smears from the field test 
are presented. 
5.2 Single Cell Measurements 
Measurements on singly lying cells have played an important role 
in the design of the BioPEPR scanning hardware and software. 
Achieving a high level of efficiency in measuring single cells is the 
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first step in establishing the feasibility of using quantitative 
measurements to diagnose cervical smears. In addition, single cell 
measurements make it possible to design and optimize a decision stra-
tegy to be used in classifying the individual cells in a smear. 
Single cell measurement results do not, however, provide much infor-
mation about the accuracy which can be expected on the smear level. 
For one thing, complete smears tend to have many complicated objects 
such as overlapping cells, artifacts and clusters of leukocytes, as 
well as singly lying cells. Just as importantly, the composition of 
the cervical anears varies considerably from smear to anear. Smears 
containing primarily easily identifiable types of cells and few com-
plications will be diagnosed more accurately than smears containing a 
greater number of "abnormal-looking" normal cell types. 
Several series of measuranents on single cells have been under-
taken on BioPEPR. The latest of these measurements, reported here, 
are the most complete single cell measurements on BioPEPR that have 
been done to date. These measurements were made by BioPEPR in coo-
peration with a pathologist, as follows. A normal light microscope 
with a motor-driven stage was connected to BioPEPR in such a way that 
BioPEPR vrould analyze the same cell (via a photonegative) that was 
positioned in the center of the field of view on the microscope. 
Using the speedball of the BioPEPR console the pathologist could then 
move both the microscope stage and the center of the field of the Bi-
oPEPR analog television display simultaneously. When a singly lying 
cell was located, it was measured completely by BioPEPR, and the re-
sults of the measurement, together with the pathologist's classifica-
tion, vere then written out onto the disk of the computer. In this 
way up to several cells per minute were classified and measured. 
5.2.1 Single Cell Measurement Results 
Measurements were made on 20 smears, of which 13 were normal and 
7 contained abnormal cells. For each smear, two independent fields 
were photographed and measured and 25 to 35 cells in each field were 
measured by BioPEPR and classified by the pathologist, yielding data 
on a total number of 909 normal and 223 abnormal cells. 
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In the measurement of these cells, care was taken to ensure that 
enough of each of a wide variety of cell types was selected. The 
normal cells included 272 superficial cells, 359 intermediate cells, 
78 parabasal cells, 38 endocervical colunnar cells, and 34 metaplas­
tic cells. The abnormal cells included 40 slight dysplastic cells, 
74 moderate dysplastic cells, 75 severe dysplastic cells, and 34 car­
cinoma in situ cells of which half даге of the small cell type and 
half were of the large cell type. For each cell the measurement 
values of nuclear area, nuclear shape, nuclear optical density and 
nuclear:cytoplasmic ratio were recorded. 
To facilitate the interpretation of the data the cells were di­
vided into four classes. The first and fourth classes were made up 
of cells which were obviously normal and abnormal, respectively. 
Class I, "normal-looкi rag normal cells", consisted of superficial and 
intermediate cells. Class IV, "abnormal-looking abnormal cells", 
consisted of "severe dysplastic" and "carcinoma in situ" cells. The 
second and third classes contained the borderline cells. Class II, 
"abnormal-looking normal cells", consisted of parabasal cells, low 
intermediate cells, metaplastic cells, and endocervical columnar 
cells. Class III, "normal-looking abnormal cells", included "slight 
dysplastic" and "moderate dysplastic" cells. 
Figures 5-1 and 5-2 show frequency distributions for the four 
classes of the nuclear size and nuclear shape, respectively. Figure 
5-3 shows the nuclear integrated optical density and 
nuclear :cytoplasmic ratio parameters in the form of scatter plots 
(two dimensional frequency distributions). Nuclear density appears 
on the horizontal axis and nuclear:cytoplasmic ratio appears on the 
vertical axis. In the BioPEPR system, the final decision as to 
whether a cell is normal or abnormal is based primarily on the combi­
nation of nuclear density and nuclear:cytoplasnic ratio. The four 
scatter plots in figure 5-3 illustrate the diagnostic importance of 
nuclear density and the nuclear:cytoplasmic ratio. In general, it 
can be observed that the normal cells are clustered in the lower left 
hand corner of the plots vrtiereas the abnormal cells lie towards the 
upper right hand region of the plots. Note the clear distinction 
that is visible between Classes I and IV, and the obvious overlapping 
that is present in classes II and III. 
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Fig. 5-1. Frequency distributions of nuclear area of four 
classes of cells measured by BioPEPR (for class 
definitions, see text) 
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Fig. 5-2. Frequency distributions of nuclear shape of four 
classes of cells measured by BioPEPR (for class 
definitions, see text) 
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Fig. 5-3. Scatter plots of nuclear:cytoplasnic ratio vs. 
nuclear integrated optical density of four 
classes of cells measured by BioPEPR (for class 
definitions, see text) 
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The data for the measured cell parameters of the four classes 
are summarized in Table 5-1. The nunbers shown represent the modal 
value (i.e. the peaks) and the standard deviations of a Gaussian 
function which has been fitted to the data. 
Table 5-1. 'lode and standard deviation for the distributions 
of the four cell classes. 
Class 
I 
II 
III 
IV 
Nuc. 
viode 
60 
67 
73 
74 
Size 
b.D. 
15 
23 
21 
31 
Nuc. 
Mode 
15 
16 
18 
17 
Shape 
S.D. 
4.5 
6.0 
5.5 
6.5 
Nuc. 
Mode 
181 
175 
285 
339 
Densi ty 
S.D. 
32 
40 
70 
88 
N:C Ratio 
.Mode S.D. 
4 1.2 
13 6.5 
25 8.0 
37 9.0 
Note how the values of nuclear size, nuclear density, and 
nuclear:cytoplasmic ratio increase for increasing degrees of abnor-
mality. These results are in general agreement with nuclear size and 
nuclear:cytoplasmic ratio measurements as summarized by Patten (48). 
Nuclear integrated optical density also increases with increase in 
abnormality, as would be expected from published nuclear DNA measure-
ments (76). The one exception is that the BioPEPR measurements on 
dysplastic cells show a significantly lower nuclear area than pub-
lished values. 
5.2.2 Decision Tree Optimization 
As was explained in section 4.3, the analysis of a cell by Bio-
PEPR proceeds according to a hierarchical decision strategy. Control 
at each node in the decision tree is passed to the left or right ac-
cording to a preset cutoff value. In order to set the cutoffs for 
maximun system efficiency, two frequency distributions of the rele-
vant parameter at each node were used: one representing the normal 
cells that have reached this node of the tree, and the other repre-
senting the abnormal cells. By comparing the two distributions, and 
in particular their area of overlap, an "optimal" cutoff was chosen 
at each node. Scatter plots provided additional information for mak-
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ing the choice of cutoff values for the nuclear density and the nu-
clear :cytoplasmic ratio. 
In accordance with previous experience in detecting artifacts 
with BioPEPR, the shape cutoff value was set to give a high accuracy 
of artifact detection. At the cutoff value chosen, it is unavoidable 
that some of the real cells are also rejected as unknown. The single 
cell measurement data indicate, however, that this occasional rejec-
tion of real cells as artifacts is not biased towards either normal 
or abnormal cells, and therefore does not alter the overall measure-
ment results (see figure 5.2). Figure 5-4 shows the decision tree 
with the cutoff levels assigned to each node. 
5.2.3 Discussion of Single Cell Measurements 
Because different types of cells have different appearances, 
cell level efficiency rates can best be determined in terms of the 
individual cell types. Table 5-2 shows the results of BioPEPR's 
classification of the entire set of about 1100 singly lying cells 
when the cutoff values in the tree have been set to the values shown 
in figure 5-4. 
Table 5-2. BioPEPR classification of singly lying cells 
Cell Type 
Superficial 
Interned iate 
Low Interned iate 
Parabasal 
Columnar 
Metaplastic 
Slight Dysplasia 
Moderate Dysplasia 
Severe Dysplasia 
Carcinoma in situ 
BioPEPR Cli 
"Normal" 
N % 
262 
334 
101 
32 
21 
13 
11 
15 
8 
8 
96.3 
90.5 
85.6 
41.0 
55.3 
38.9 
27.5 
20.3 
10.7 
23.5 
assification 
"Unknown" 
N % 
10 
33 
9 
18 
8 
15 
7 
14 
10 
1 
3.7 
9.0 
7.6 
23.0 
21.1 
44.1 
17.5 
18.9 
13.3 
2.9 
"Flagged" 
N % 
-
2 
8 
28 
9 
6 
22 
45 
57 
25 
-
0.5 
6.8 
35.9 
23.7 
17.6 
55.0 
60.8 
76.0 
73.5 
Total 
N % 
272 
369 
118 
78 
38 
34 
40 
74 
75 
34 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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Fig. 5-4. Cutoff values assigned to branch points in the 
BioPEPR decision strategy. NO and N1 are in 
nonstandard, BioPEPR units. For an explanation 
of the abbreviations used, see fig. 4-І2 
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Using the results from table 5-2 we can make some predictions about 
BioPEPR's efficiency on the snear level, for various "model" anears. 
In practice, each cervical smear contains a different assortment of 
cell types, making the developnent of a universal model of a smear an 
arbitrary matter. The vast majority of c e l l s found in a smear from a 
sexually mature premenopausal woman are superficial and intermediate 
squamous c e l l s . In addition, a small number of endocervical columnar 
ce l l s is usually seen. Other cel l types may or may not be present, 
depending on inflammations, hormone levels, and so on. Using the 
single cel l measurement results reported in table 5-2, and a model 
"typical normal anear" from a sexually mature premenopausal vornan 
containing 49% intermediate c e l l s , 49% superficial c e l l s , and 2% co­
lumnar c e l l s , we would expect 0.74% of the (normal) ce l l s to be in­
correctly flagged as suspect. This 0.74% is the cel l level false 
alarm rate (the nimber of "flagged" normals as a proportion of the 
total nunber of normal cells) . If the model snear i s made to contain 
a larger proportion of superficial c e l l s , fewer c e l l s vreuld be 
flagged. On the other hand, when parabasal c e l l s or metaplastic 
ce l l s are introduced into the mixture, the cel l level false alarm 
rate r ises significantly. Perhaps the most important conclusion to 
be drawn from the data on normal c e l l s i s that the vast majority of 
smear level false alarms will be in cases of snears containing large 
numbers of parabasal type ce l l s from мэтеп with post-menopausal atro­
phy, and anear s with large nunbers of squamous metaplastic c e l l s . 
The cel l level missed positive rates (missed abnormals as a pro­
portion of the total number of abnormals) , that can be expected are 
again dependent on the smear makeup. The detection efficiency 
increases as the degree of abnormality of the ce l l s increases. 
Whereas only 55% of the s l ight dysplastic c e l l s would be detected, 
61% of the moderate dysplastic c e l l s , 76% of the severe dysplastic 
c e l l s , and 73% of the carcinoma in s i tu c e l l s would be detected. I t 
should be noted here that the efficiency for large cel l carcinoma in 
s i tu ce l l s is 94% (only one out of the 17 was classified as uknown). 
The eight misclassified carcinoma in s i tu c e l l s were a l l of the anali 
cel l type. 
ΘΘ 
We can conclude from the data on abnormal cells that BioPEPR 
will have a slightly lowsr accuracy on the anear level for slight 
dysplasia than for more severe abnormalities. The smear level missed 
positive rate will be far lower than the single cell missed positive 
rate. Only a small number of suspect cells is required for the whole 
smear to be classified as suspect. Even if a relatively high propor­
tion of the abnormal cells in a anear viete missed, the single cell 
measurement results above indicate that the number of correctly iden­
tified abnormal cells would be sufficiently high to classify the 
whole anear as suspect. 
5.3 Measuranents of Complete Smears 
The measurement results presented above are not representative 
of the results that can be expected if BioPEPR is used in the field, 
under "real-life" conditions. In practice, most smears do not con­
tain only singly lying cells, and are not free from artifacts and 
cell clusters. Overlapping cells and nuclei, artifacts, and clusters 
of cells and clusters of nuclei can significantly affect the 
efficiency rates. 
The first anear level tests of the BioPEPR system were made dur­
ing a feasibility study on 192 smears (81). The sample of smears 
measured consisted of 160 normal smears and 32 abnormal smears col­
lected from the Department of Gynecology at the St. Radboud Hospital 
in Nijmegen. Four fields from each slide vrere photographed and ana­
lyzed by BioPEPR. The measurement results of each anear were given 
in terms of the total nunber of objects, the number of epithelial 
cells, the nunber of leukocytes, the nunber of "unknown" objects, and 
the nunber of "suspect" objects found. Figure 5-5 shows two examples 
of the data sumary for a normal anear (5-5 A) , and an abnormal anear 
(5-5 В ) . In the case of the normal anear about 0.4% of the epitheli­
al cells ware flagged. For the abnormal anear about 2.5% of the 
epithelial cells were flagged. 
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AB/TOT - 19/ 4402 
AB/TOT - 98/ 3801 
NA 
5521 
3C NA 
5193 328 
LX EP A2 UN 
18% 82% 299 29 
OK NO 
113 186 
NI UN 
55 131 
NI NC 
33 22 
о к " " N C O K " " A B 
11 22 12 10 
OK"AB 
13 9 
NA 
5352 
QC NA 
4713 639 
LC EP A2 UN 
25% 75% 571 68 
OK NO 
121 450 
NI UN 
146 304 
NI NC 
77 69 
В о к " " N C O K " " A B 
19 58 17 52 
OK AB 
12 46 
Fig. 5-5. Distribution of objects measured by BioPEPR in the 
decision strategy, for a normal anear (A) and an 
abnormal anear (В) 
The results of the feasibility study indicated a anear level false 
alarm rate of 17% and a missed positive rate of 6%. These 
preliminary results demonstrated that BioPEPR is capable of the de­
gree of cell discrimination and artifact rejection that is necessary 
for a workable prescreening system. Following the feasibility study, 
the real test of the BioPEPR with a large scale field test where 
thousands of smears are prepared and analyzed in a routine manner, 
was undertaken. In the first phase of the field test, reported on 
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h e r e , a sample of 1400 smears were prepared , photographed, and 
scanned. In the second phase t h i s number w i l l be extended to a t o t a l 
of 10,000 smears. The remainder of t h i s chapter de sc r ibe s the organ-
i za t i on of the f i e l d t e s t , followed by a p re sen ta t i on and d i scuss ion 
of the measurement r e s u l t s . 
5 .3 .1 Organization of the Fie ld Test 
Put t ing a f i e l d t e s t of the order of 10,000 smears in to opera-
t ion has required the organ iza t ion and cooperat ion of people from 
var ious departments to perform s ix ba s i c t a s k s : specimen c o l l e c t i o n , 
smear p repa ra t i on , smear photography, BioPEPR scanning, manual scan-
ning, and bookkeeping. 
The ce rv ica l c e l l specimens t h a t a re used for the BioPEPR f i e l d 
t e s t are co l l ec t ed in cooperat ion with the Nijmegen Populat ion 
Screening Program for Cervical Abnormal i t ies . The Nijmegen region i s 
one of three t e s t reg ions in the Netherlands where the f e a s i b i l i t y of 
populat ion screening i s being inves t iga ted (Rotterdam and Utrecht 
being the o ther two). In t h i s screening program each vroman in the 
region who i s between the ages of 35 and 55 rece ives an appointment 
to be screened, once every th ree y e a r s . The women come to a spec i a l 
van, o u t f i t t e d with dress ing rooms and gynecological c h a i r s , which i s 
sen t to the var ious urban r e s i d e n t i a l a reas and v i l l a g e s in the r e -
g ion . Each woman has one ce rv i ca l anear taken t h a t i s prepared ac -
cording to the "Papanicolaou technique" and screened by a cytoana-
l y s t . Specimens for BioPEPR a r e obtained by taking a second anear 
immediately following the f i r s t anear , from every second or t h i r d 
woman who comes to the van . The r e s u l t s of the screening of the 
f i r s t (Papanicolaou) anear a re r e g i s t e r e d in a computer bookkeeping 
system a t the h o s p i t a l . For those cases vrtiere a BioPEPR smear has 
been made, the BioPEPR i d e n t i f i c a t i o n nunber i s typed in to the com-
puter as w e l l . To ensure complete anonynity of the women screened, 
only the BioPEPR nunber i s passed on with the screening r e s u l t s ; t he 
populat ion screening nunber and i d e n t i t y of each woman a re not acces -
s i b l e to the BioPEPR a n a l y s i s system. In add i t i on to the anears from 
the populat ion screening program, a ana l i nunber of smears a re c o l -
lec ted throirfh Departments of Gynecology of the Unive r s i ty Hosp i t a l s 
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in Nijmegen, Utrecht, and Amsterdam. These slides are processed in 
exactly the sane manner as those from the population screening pro-
gram. 
The cell samples that are collected for BioPEPR are brought back 
to the BioPEPR laboratory each evening and are stored in a refrigera-
tor at 4° C. The specimens are then processed within a few days 
after the scrape has been made, according to the preparation and 
staining procedure outlined in Chapter 2. 
After the processing of the cell samples into anears, seven pho-
tonegatives are made of each smear; one of the special 
BioPEPR-readable label, and six of fields containing 1000 to 3000 
cells each. These photographs cover a total of about one fourth of 
the useable area on a microscope slide, a total area that is more 
than adequate for a sample vtaich has been "homogenized" by syrirqing. 
Any abnormal cells present will be well distributed throughout the 
smear. 
Once the rolls of smear photonegatives are developed and mounted 
on BioPEPR, the scanning of the photonegatives by BioPEPR proceeds 
automatically. An operator is present to load the film and to help 
with occasional problems with film transport or decoding of the anear 
number. For each smear a sunmary decision tree for all of the cells 
in each field is stored onto the disk, as well as some additional in-
formation about smear quality. 
The results of the analysis are stored in a large data file 
which also contains the results of the screening of the first smear 
by the cytoanalyst. A list is then made of those cases vAiere either 
BioPEPR has flagged the second smear as suspect, or the cyto-analyst 
has flagged the first smear. Using the lists the second, BioPEPR 
smears are screened by a cytoanalyst and the results are also record-
ed in the data file. With these results, correlations can be made 
between the diagnosis of the first and second smears, and BioPEPR's 
classification of the second anear. 
5.3.2 Results of the Field Test 
The first results of the field test are from a sample of 1400 
smears that has been analyzed by the BioPEPR system. For each anear 
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the percentage of suspect ce l l s (PC) was calculated by combining the 
data from the several photonegatives and calculating a percentage ac-
cording to the following formula: 
(suspects) - (shapef ails*0.01) 
PC = 
( total objects) - (leukocytes) - (unknowns) - (shapef ails*0.01) 
In essence, th is formula represents the percentage of epi thel ial 
ce l l s that are suspect, with a 1% correction factor for unknowns that 
were detected by the shape c r i t e r i a ("shapefails"). The 1% correc-
tion factor was arrived a t as follows. A certain nunber of objects 
with an unacceptable shape ( i . e . a r t i f ac t s and clusters) s l i p 
through the shape check and end up being classified as suspect c e l l s . 
When the number of suspect "cells" found in a anear was plotted 
against the number of the "shapefail" objects, a correlation between 
the two parameters was found that indicated that for every 100 ob-
jects classified as unknown a t the shape t e s t , one unknown object 
slipped through the shape check and was la te r classified as an abnor-
mal c e l l . Subtracting a number of "cel ls" equal to 1% of the "shape-
fa i l s" from the "suspect ce l l s" before calculating their percentage 
in the total number of diagnostically valuable ce l l s reduced the 
smear level false alarm rate considerably while the missed positive 
rate remained the same. 
Figure 5-6 shows the dis tr ibut ions of the corrected percentage 
of suspect objects (PC) for the normal smears (Figure 5-6 A), and for 
the abnormal anears (Figure 5-6 B) . The abnormal smears consisted of 
5 s l ight dysplasias, 5 moderate dysplasias, 4 severe dysplasias, 3 
carcinomas in s i tu , 11 squamous cell cancers, and 2 adenocarcinomas. 
The second entry in the sample of abnormal ce l l s i s PC=2.04. Using 
PC 2.00 as a cutoff value for the field t es t smears, a false alarm 
rate of 22.9% was found. Of the positive cases of cancer or precan-
cerous abnormalities, one smear from a patient with s l ight dysplasia 
was missed, giving a missed positive rate of 3%. As a check on smear 
quali ty, smears ware also flagged vrtiere fever than 10 ce l l s per 
square mm vrere present. A total of 70 normal snears and 2 abnormal 
smears were flagged as having insufficient qual i ty. The data from 
the field tes t are surma r i zed in table 5-3. 
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Fig. 5-6. Frequency distr ibution of the corrected precentage 
of flagged objects for 1377 normal snears (A), and 
30 abnormal anear s (В) . 
Table 5-3. Smear level classif ication results 
Analyst: 
BioPEPR Classification: 
"Normal" "Flagged" Inadequate Tota l 
Normal 991 (72.0%) 316 (22.9%) 70 (5.1%) 1377 (100%) 
Abnormal 1 ( 3.3%) 27 (90.0%) 2 (6.7%) 30 (100%) 
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Although not v i s i b l e in t ab le 5 - 3 , the group of f a l s e alarms ac -
t u a l l y c o n s i s t s of tv« types of snea r s ; those where "abnormal look-
ing normal c e l l s " were p r e s e n t , and those which could be termed " v i -
s u a l l y complex normal smears" . The f i r s t group c o n s i s t s l a r g e l y of 
snears from women with squamous metaplas ia or post-menopausal a t r o -
phy. These snears make up about 60% of the f a l s e a la rms . The o ther 
40% fa l se p o s i t i v e s a re from the v i s u a l l y complex smears; i . e . , 
snears containing var ious types of n o n - c e l l u l a r a r t i f a c t s , l a r g e 
numbers of leukocyte c l u s t e r s , and occas ional v a r i a t i o n s in the 
s t a i n i n g . 
Both the r e s u l t s of the s ing le c e l l measurements and the f a c t 
t h a t a l a rge percentage of the snear l eve l f a l s e alarms come from 
snears from women with squamous me tap la s t i c and post-menopausal a t r o -
phy suggest t h a t the re i s very l i k e l y an age dependence in the f a l s e 
alarm r a t e . In order to i n v e s t i g a t e t h i s hypothes is a sample of B82 
snears where age information was known were divided in to 5-year age 
groups , and the f a l s e alarm r a t e vras ca lcu la ted for each of these 
groups. Table 5-4 shows the age a n a l y s i s r e s u l t s . 
Table 5-4. Age d i s t r i b u t i o n of snear l eve l c l a s s i f i c a t i o n r e s u l t s 
Age 
35-39 
40-44 
45-49 
50-54 
Total 
"Normal" 
257 (80.1%) 
176 (79.0%) 
103 (75.2%) 
105 (52.2%) 
541 (72.7%) 
"Flagged" 
53 (16.5%) 
38 (17.0%) 
26 (19.0%) 
88 (43.8%) 
205 (23.2%) 
Inadequate 
11 (3.4%) 
9 (4.0%) 
8 (5.8%) 
8 (4.0%) 
36 (4.1%) 
Tota l 
321 (100%) 
223 (100%) 
137 (100%) 
201 (100%) 
882 (100%) 
The data show a marked increase in the f a l s e alarm r a t e for women 
above the age of 50. The average f a l s e alarm r a t e for vromen under 50 
i s 18.5%, whereas the f a l s e alarm r a t e for women of 50-54 i s 44%. 
Since many of the women above 50 years of age a re post-menopausal, 
the data r e f l e c t the d i f f i c u l t i e s which BioPEPR has c l a s s i f y i n g 
smears with l a rge numbers of parabasal c e l l s , which a re c h a r a c t e r i s -
t i c of post-menopausal a t rophy. 
When making the above measurements, the average speed of the Bi-
oPEPR a n a l y s i s was about 40 seconds per photonegat ive , or 4 minutes 
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per anear. The largest factor limiting the speed of the system at 
present is the amount of computer power available. Some preliminary 
investigations have indicated than an increase of about a factor of 
three can be expected if a computer system is used whose speed is 
better matched to the BioPEPR hardvrare and software. Further stream-
lining of the hardware and software should make it possible to screen 
1 to 2 smears per minute. 
5.3.3 Discussion of Field Test Results 
The field test described above makes it possible to investigate 
the accuracy of BioPEPR using an unselected sample. The results of 
this study agree with previous findings that BioPEPR is capable of 
discriminating between normal and abnormal cell types, and is capable 
of efficient rejection of artifacts and clusters. 
It is interesting to note that the field test results yield a 
slightly higher false alarm rate than the 17% that was previously re-
ported in the results of the BioPEPR feasibility study. Several 
differences betvreen the studies can explain the difference in the 
false alarm rates. The primary difference between the two studies is 
that the field test includes a larger and more varied selection of 
anears from the population, whereas the feasibility study results 
were drawn from a more limited nunber of smears. Although no age in-
formation was available from the feasibility study data, it is posr-
sible that the age structures of the tWD studies ware different and 
that the feasibility study contained a larger fraction of younger 
women. Finally, the field test smears were prepared in a much more 
realistic, routine manner: up to 100 per day were made, whereas only 
2 or 3 per day were prepared during the feasibility study. 
It is interesting to compare the BioPEPR field test results to 
those of the CYBEST system, which is the only other image analysis 
system currently undergoircg a large scale field test. On a sample of 
1829 anears from a population screening program, CYBEST had 0% snear 
level missed positives, 32.1% anear level false alarms and 1.4% ina-
dequate anears (65). The BioPEPR results of 3% missed positives and 
22.9% false alarms compare favorably to the CYBEST results. In com-
paring the two systems, it seems that the major difference lies in 
96 
the staining of the snears. The CYBEST uses snears stained according 
to the conventional Papanicolaou staining procedure, whereas BioPEPR 
uses a two-color s ta in . Both systems use syringing to disaggregate 
the cel l c lus ters , use one wavelength to scan the snears, and have a 
maximum resolution of about one micron. Although more differences 
ex is t , especially in terms of software and the decision s trategies on 
both the cel l level and the anear level , i t vrould appear that the ad-
vantages of the Feulgeo/Congo Red stain account for most of the 
difference in the resu l t s . In terms of analysis speed, the CYBEST 
system currently takes 3-6 minutes pec anear, whereas the present 
speed of BioPEPR i s on the order of 4 minutes. The reported poten-
t i a l speed of CYBEST is 3 minutes per anear, as compared to the e s t i -
mated potential analysis speed of the BioPEPR system of one or turo 
smears per minute. 
Put into c l in ical use as a prescreening system, i t i s expected 
that BioPEPR's effectiveness would be improved by the fact that the 
BioPEPR system would receive the f i r s t anear from each vroman, as op-
posed to a second anear, as was taken in the field t e s t . Analyzing 
f i r s t anears would probably resul t in a decrease in the false alarm 
rate because the f i r s t smear is usually "cleaner" than the second. 
When a smear i s made there is often some bleeding, whereby a larger 
nunber of leukocytes are present in the second anear. The presence 
of many leukocytes may in turn give r ise to a false alarm due to the 
diff icul ty of recognizing small, t ight ly overlapping leukocyte clus-
t e r s . Furthermore, the composition of the ce l l sample in a second 
smear is somewhat different from that of the f i r s t smear. Since the 
f i r s t scrape will have removed the ce l l s closest to the surface ( i . e . 
the most mature cells) , the second scrape will contain more immature 
ce l l s from the deeper layers . The immature ce l l s may in turn cause 
more false alarms due to the larger size of their nuclei , the some-
what increased nuclearicytoplaanic r a t i o , and d i f f icu l t ies due to the 
darker, thicker cytoplasms. 
One final remark should be made about the smear level decision 
strategy. With the present BioPEPR strategy a fixed percentage of 
suspect objects (2.0%) is used to classify a smear as ei ther normal 
or abnormal. This strategy will always guarantee detection of abnor-
malit ies provided that the abnormal anears are of a high quality; 
that i s , if abnormal ce l l s are found in sufficient concentration. If 
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at least 1 to 2% of the cells in an abnormal anear are abnormal, Bio-
PEPR will have no trouble recognizing the anear as being suspect. 
Tests have shown that this quality factor is highly dependent on the 
skill of the person who takes the anear (78). In the population 
screening program in Nijmegen the scrapes are mede by a specially 
trained analyst, giving the best chance for consistently high quality 
smears. In an analysis of the first anears from the Nijmegen screen-
ing program, only 5% of the smears were rejected for screening be-
cause of poor quality. This quality factor, in addition to the high 
analysis speed, suggests that the optimal use of BioPEPR is in con-
nection with large scale screening applications. 
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CHAPTER б 
FUTURE POSSIBILITIES OF THE BIOPEPR SÏSTEM 
6.1 Introduction 
In this thesis the problem of developing an automated prescreen-
ing system for cervical smears has been introduced, the BioPEPR ap-
proach to developing such a system has been described, and the re-
sults of measurements made on the BioPEPR system have been presented 
and discussed. The next step in the BioPEPR project is the extension 
of the field test to approximately 10,000 smears. This large number 
of smears will enable a more detailed analysis of the accuracy of Bi-
oPEPR in analyzing the infrequently occurring abnormal smears. 
This chapter discusses what is still required in order to devel-
op BioPEPR into a fully operational clinical pre-screening system, 
how such a system would best be implemented, and what the approximate 
costs of such a system vrould be. Following this, a range of possible 
bio-medical explications for a BioPEPR-like system in the future will 
be presented. 
6.2 System Streamlining 
The BioPEPR system consists basically of three independent com-
ponents: preparation, photography, and scanning. In the current 
system both the photography and the scanning have been automated. 
With some modifications a somewhat simpler and more streamlined ver-
sion of both the camera and the BioPEPR could be produced. The pro-
cedures for preparing and staining the smears are at present not au-
tomated and are therefore too labor intensive to be suitable for 
large scale applications. Automating the preparation stage requires 
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the development of three machines: an automated snear maker, an au­
tomated staining machine, and an automated coversiipping device. 
Of these instruments, staining and coversiipping machines are 
both commercially available. Hovrever, tests in our laboratory using 
several of these devices have shown them not to be suited for the 
high quality, high volume performance that is required for use in 
large scale population screening. What is needed is a staining ma­
chine which can simultaneously process a large nunber of slides 
through the long BioPEPR staining procedure (rhionine/Oongo Red takes 
3 1/2 hours) , and which can withstand high acid concentrations ( at 
one point in the staining 5 normal hydrochloric acid is used; see 
section 2.4.2). There are no commercial staining systems which meet 
these requirements; at best the ones available would require consid­
erable modifications. For this reason an automatic staining machine 
is being developed which will be programmable for any staining proce­
dure with up to S00 slides in each batch and will be capable of with­
standing high acid concentrations. The device is currently under 
construction and will be completed towards the end of 1979. 
A commercial coversiipping machine has been tested in our labo­
ratory with unsatisfactory results. It has not yet been decided 
viiether to purchase and modify a cocmercial machine, or whether to 
develop a new one in our о лі workshops. 
The development of an automatic snear making device is now being 
studied. An automated, assembly line version of the current prepara­
tion procedure is one possibility. In such a system the sample bot­
tles are placed in a transport system and the cell suspension is in 
turn syringed, counted, centrifuged and spread onto a slide automati­
cally. The biggest problem with such a design is the implementation 
of the centrifugation step, vtfiich would probably require some hunan 
intervention. Alternatives for this step, as well as for the stream­
lining of the syringing and the counting, are now under considera­
tion. 
A "clinical laboratory" version, of BioPEPR will be considerably 
simpler and more efficient than the current version since many compo­
nents can be stripped or simplified. The BioPEPR system includes an 
elaborate system for interactive analysis that is useful for program 
developnent but is not necessary in a production version that runs 
automatically without operator intervention. The three display moni-
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t o r s can e a s i l y be combined in to one . The two keyboards and the 
speedball could become one switch panel with a software " speedba l l " . 
In a d d i t i o n , severa l task or ien ted 16 b i t microprocessors running in 
p a r a l l e l wi l l run much more e f f i c i e n t l y than the p resen t s i n g l e PDP 
11/40 conf igura t ion . 
A f i na l poss ib le charcje t h a t can s impli fy the des ign and reduce 
the expense of both the camera and the BioPBPR CW assembly i s to use 
35 im film instead of 70 imi f i lm. The choice of 70 ran film for the 
present BioPEPR was made in order to keep the system as f l e x i b l e as 
poss ib le for var ious research a p p l i c a t i o n s . Using 35 ran f i lm, photos 
of 26 X 30 ran are scanned instead of the p resen t 58 X 80 ran. 
ajthough t h i s reduces the f i e l d s i z e , the f i e l d s a re s t i l l approxi -
mately a fac tor of 100 l a rge r than TV scanning systems. Using 35 ran 
film s imp l i f i e s the film t r anspo r t of both the camera and the 
BioPEPR; i t may even be poss ib le to use commercially a v a i l a b l e 
t r a n s p o r t systems. The cathode ray tube can be reduced from a 9 inch 
diameter tube to a 7 inch diameter t ube , giving a l a r g e cos t s av ings . 
Most important ly , a a n a l l e r - f i e l d 2 :1 demagnifying l ens can be used 
in the CRT assembly; t h i s l ens being the s i n g l e most expensive com-
ponent of the scanning system. The c o s t savings of using 35 mm film 
wi l l most l i k e l y outweigh the s l i g h t l o s s of speed which r e s u l t s from 
scanning more f i e l d s . 
6.3 System Implementation 
The r e l a t i v e l y high speed and high scanning capac i ty of BioPEPR 
make i t i d e a l l y su i ted for use in a populat ion screening program, bu t 
not wall matched to the needs of small l a b o r a t o r i e s . A s ing l e Bio-
PEPR system could probably scan up to 1000 smears per day, giving a 
year ly production of about 250,000 smears . In most l a b o r a t o r i e s , 
hove ver , no more than 100 s l i d e s per day a re scanned. In order to 
use BioPEPR opt imal ly for l a r g e sca le sc reen ing , one cen t r a l i z ed Bio-
PEPR system can b e s t work in cooperat ion with severa l decen t ra l i zed 
prepara t ion and screening l a b o r a t o r i e s . How such an arrangement 
would «ark i s shown schemat ica l ly in f igure 6 - 1 . 
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Fig. 6-1. Possible organization strategy for large scale 
population screening: One BioPEPR serving 
several cytological laboratories 
In a large scale population screening program, cervical ce l l samples 
would be taken by a number of teams in various places. Up to 1000 
cel l samples in solution are then brought each day to several 
already-established laboratories. At these laboratories a team of 
analysts process the 1000 samples through the automated preparation 
machines and cameras. The r o l l s of undeveloped film are then sent to 
a BioPEPR center. In this way, each laboratory keeps i t s own smears; 
no transport of glass i s required. The central BioPEPR system has a 
film developing machine and one BioPEPR scanning system. The product 
of the BioPEPR prescreening is a l i s t of flagged snears that i s re­
turned to the respective laboratories. The "flagged" smears are then 
screened and diagnosed on the original glass sl ides by the 
laboratory's cytoanalysts. I t is important to emphasize that with 
the assistance of BioPEra the same nunber of cytoanalysts will effec­
tively screen several times as many women as with conventional l ight 
microscopy. Putting BioPEPR into use would not "automatize" cytoana­
lysts out of work; rather i t multiplies the number of women that can 
be screened by the same nunber of analysts. I t will have the addi­
tional effect that the s l ides vrfúch the cytoanalysts screen will be 
the more interesting ones, including the abnormal anears and those 
with more complex cel l pat terns. 
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5.4 Projected Costs 
The screening of 3 million snears per year would require 8 to 12 
BioPEPR systems, depending on the analysis speed of BioPEPR. In ad-
dition, several smear making devices, staining and covers!ipping ma-
chines, and cañeras would be needed to feed each BioPEPR system. 
When estimated costs of these devices are spread over a period of 
five years, per smear the cost will be less than a guilder (Nov. 
1979 price level). Additional operating costs (sampling bottles, 
slides, chemicals, film) WDuld be approximately one to two guilders 
per smear. 
The cost of screening a slide by present methods is consists 
largely of labor costs. Although BioPEPR will have a slightly higher 
equipment and material costs per smear, the cost of labor per slide 
is significantly reduced because only a relatively small percentage 
of the slides will have to be manually screened. At present one cy-
toanalyst screens an average of 25 smears per day. With BioPEPR, a 
cytoanalyst will screen perhaps 20 smears each day (due to the 
increased difficulty of the average anear) . However, because these 
slides are less than a quarter of all of the slides that were 
prescreened by BioPEPR and flagged for human analysis, a 
cytoanalyst's effective screening power will be four to five times as 
much, or about 90 per day. This will mean a considerable reduction 
in the labor costs of screening a smear. It is, hoover, necessary 
to consider that extra personnel will be needed to run the developing 
machine, the BioPEPR scanning machine, and the various machines to 
prepare the snears. These few extra personnel will process hundreds 
of thousands of smears each year; thus the additional labor costs 
per anear due to the automation will be rather low. 
At this point in the development of the project it is of course 
difficult to say what the absolute cost savings will be when using a 
BioPEPR system. We can estimate, however, that the price to analyze 
a smear will be about half of what it now costs using conventional 
light microscopic screening. In the future, reducing the false alarm 
rate and improvements in the capacity of either BioPEPR or the 
preparation system could lower costs even more. 
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6.5 Future Applications 
The BioPEPR system is a high speed tool for the analysis of al-
most any type of image. It creates a means for quantifying data in a 
manner which is often not feasible with manual measurements. In many 
applications BioPEPR also makes possible routine measurements at a 
high speed. These two factors, objective quantification and high 
speed, are just beginning to be introduced into biomedicine. In this 
section, a few of the possible applications of a BioPEPR type system 
are discussed. 
One possibility for broader applications of the BioPEPR system 
would be its use in the detection of other types of cancers in their 
prestages or stages of limited extension. Each type of cancer poses 
its own characteristic problems for automated scanning. Not the 
least of these is the acquisition of the cell sample. One example is 
lung cancer. This type of cancer is one of the most prominent causes 
of cancer mortality in men, and is fast becoming a prevalent health 
problem in women (14). A lung "smear" can be made by taking a sample 
of sputum. Sputum cytodiagnosis has not yet developed to the point 
that it can be applied as a routine procedure for detecting lung 
cancer at an early stage. However, a nunber of pilot studies are 
currently being undertaken, most notably a project at the Mayo Clinic 
(Rochester, Minn.), Johns Hopkins Hospital (Baltimore), and the Memo-
rial Sloan-Kettering Cancer Center (New York) in which the early de-
tection of lung cancer is being investigated using a combination of 
sputum smears and chest X-rays (71). In addition, investigations 
into quantitative analysis of lung cells have recently begun (23, 24, 
61). If an effective cell sampling technique is developed for large 
scale lung cancer screening, the BioPEPR system could be adapted for 
the prescreening of these smears. 
The morphology of squamous cell cancer of the lung, one of the 
most frequent types of lung cancer, is in many ways comparable to 
that of cancer and pre-cancerous lesions of the cervix. Basically, a 
change in nuclear chromatin is the key to the detection of abnormali-
ties. Lung smears differ from cervical smears in that there are more 
types of cells present with a more widely varying morphology. This 
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would call for a more sophisticated decision tree, and might result 
in more false alarms than with cervical smears. The difficulty of 
obtaining a good sputum sample will probably also result in a lower 
percentage of abnormal cells in an abnormal sample and will require a 
more sophisticated cell level and smear level decision logic. 
Special preparation methods will also have to be implemented to min­
imize artifacts and overlaps of cells; many of the methods developed 
for the preparation of cervical smears would also be useful here. 
Another possible cancer application could be screening for bladder 
cancer. In the Netherlands some 800 people die each year from this 
malignant process(14). In the United States this nimber is 10,000 
per year. Just as with lung cancer, some first efforts are now being 
made to develop early detection techniques for this cancer and to es­
tablish the high risk groups, such as workers in the plastics and dye 
industries (75). Again, the basic criteria for detecting this cancer 
are found in the cell morphology, and especially in changes in the 
chromatin. Again, the smears are more complicated than cervical 
smears. Ά major problem in taking the cell sample is that the cells 
which are washed out in the urine are often not well preserved unless 
the voided urine is processed immediately. Investigations of the 
possibilities for automatic measuring of these smears are now being 
made (75) . 
Automatic measurements of both red blood cells and white blood 
cells (differential counts) have already been successfully implement­
ed (16, 27, 41, 57, 58). Commercial white blood cell differential 
machines have been available since 1975. In practice, these machines 
are used as a prescreening system or as an interactive diagnostic 
system where an operator intervenes to classify those cells that the 
machine is not capable of recognizing automatically. Further work in 
this area might include improvements to make a more dependable, "in­
dependent" system. In addition, very little work has been done to 
date on the automatic diagnosis of blood abnormalities, or on the 
quantification of various degrees of abnormality of such diseases as 
leukemia. 
BioPEPR, with its ability to scan large fields, may also be use­
ful for applications in pathology where patterns in relatively large 
tissue sections or electron microscope images need to be quantified. 
An example of such an application would be the analysis of chromatin 
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content and distribution patterns in tissues of malignant or possibly 
malignant processes with various degrees of dedifferentiation. 
Especially in borderline cases, where it is not readily evident 
whether the tissue is benign or malignant, quantitative measurements 
could provide the necessary additional information to help the pa-
thologist make a decision, as well as helping to establish a quanti-
tative data base for future reference. 
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Summary 
This thesis presents the results of the development of a system 
for the automated analysis of cervical зпеагз. The system has been 
designed for large scale screening programs, whereby obviously normal 
snears can be "prescreened out", leaving only the more visually com­
plex and/or abnormal smears to be screened using conventional light 
microscopic techniques. The system is centered around a scanning 
device known as BioPEPR, which stands for Biological Precision Encod­
ing and Pattern Recognition. In this thesis the development of the 
BioPEPR system as a whole is reported, including anear preparation 
techniques, hardware and computer software. 
During the past 20 years a great deal of research has been done 
in the field of automated cytology, and in particular, cervical cy­
tology automation. As of yet, no systans for screening cervical 
smears are commercially available, although a nunber have been devel­
oped for research use. One important conclusion to be drawn from ef­
forts to automatically scan conventional Papanicolaou smears is that 
it is of primary importance to find an alternative technique for 
smear preparation. Regular cervical anears, with their tissue frag­
ments and cell overlapping due to crowding, are impossible to scan 
with an automatic device. 
In the BioPEPR systan a great deal of effort has gone into the 
development of a new preparation and staining procedure suitable for 
the automatic prescreening of cervical anears. The result of these 
efforts is a procedure that gives high quality smears suitable for 
both automated scanning and conventional screening by a cytoanalyst. 
Furthermore, the procedure developed is simple and fast enough to be 
applicable on a large scale. The sample of cells scraped from the 
cervix is suspended in a preservative solution as opposed to being 
aneared directly onto a slide as in the "Papanicolaou procedure". 
This suspension is then "syringed" to disaggregate cell clusters and 
is brought to the desired cell concentration by counting the cells 
and adjusting the dilution. A s an pie of this solution, spread onto a 
slide, yields a minimin of cell overlaps and artifacts. 
After being put onto slides, the anears are stained using a 
tviD-color stain that was developed especially for the BioPEPR system. 
This stain is a combination of the Feulgen procedure with Thionine as 
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the Schiff reagent, and Congo Red, a protein s ta in . This staining 
method yields higher contrast than the conventional Papanicolaou 
s ta in , and the staining resul ts are more consistent. I t also simpli-
fies the measurements because DNA and protein are stained different-
ly. In addition to being very well suited to the requirements of an 
automated measurement system, sl ides stained with the BioPEPR method 
are easy to screen by l ight microscopy. 
The hardware of the BioPEPR system was designed with the possi-
b i l i t y of large scale applications in mind. The system hardware com-
bines the use of modern optics from the integrated c i rcui t industry, 
high resolution film, and the la tes t cathode ray tube technology to 
give the ab i l i ty to scan extremely large f ie lds , up to 200 times 
larger than other scanning systems. An automatic camera system has 
teen developed to photograph fields of 6 X 8 trm onto 70 ran film. The 
camera features automatic transport of the sl ides as well as automat-
ic focussing. The BioPEPR i tself i s a Cathode Ray Tube scanning 
device that features high speed and random access. BioPEPR has a 
high speed "sweep" mode that makes i t possible to locate and measure 
the area of objects a t speeds of up to 1000 ce l l s per second. In ad-
di t ion, a "strobe" scanning mode allows BioPEPR to acquire high accu-
racy optical density information. BioPEra also has an extensive 
bui l t - in capacity to interact with the hardware and software during 
measurements, which has been especially important in the development 
phase of the system. 
The BioPEPR software uses measurements of various morphologic 
features of each cel l in order to decide whether a ce l l is normal or 
abnormal. The machine is capable of automatically locating ce l l s and 
measuring nuclear area, nuclear shape, nuclear integrated optical 
density, and nuclear :cytoplasmic r a t i o . In addition, BioPEPR 
softvrare includes simple but effective routines for detecting a r t i -
facts , c lusters of ce l l nuclei or leukocytes, and the overlapping of 
the cytoplasms of tvio c e l l s . 
These programs are invoked according to a hierarchical decision 
strategy which allows fas t , yet accurate classif ication of the c e l l s . 
The hierarchy i s designed to identify the vast majority of normal 
ce l l s quickly by only a rough measurement of nuclear area, thus sor t -
ing out 80 to 90% of the objects in a typical anear. Only if th is 
f i r s t measurement of the nucleus indicates that the object found may 
114 
possibly be an abnormal cel l are the other programs invoked in order 
to determine whether i t i s in fact normal, abnormal, some sort of ar­
t i fac t , or an overlap of c e l l s or leukocytes. 
Measurements have been made on BioPEPR of both singly lying 
ce l l s and entire anears. The measurements on singly lyirq c e l l s were 
used primarily to find the optimal threshold values for the different 
levels in the hierarchical decision logic. Using the "tuned" deci­
sion logic, complete smears were scanned. The measurement of com­
plete snears provides the real t e s t of the system because complete 
snears typically contain large variations in cel l types from smear to 
smear, as well as such complications as a r t i f a c t s , and clusters of 
c e l l s and leukocytes. 
The f i r s t amear level tests of the BioPEPR system were made dur­
ing the feas ibi l i ty study phase of the project, ^teasurements on 192 
smears demonstrated that BioPEPR i s capable of the degree of ce l l 
discrimination and a r t i f a c t rejection that i s necessary for a югк-
able prescreening system. Following the feas ib i l i ty study, a large 
scale field tes t of the BioPEPR system was undertaken in cooperation 
with the Nijmegen population screening program for cervical abnormal­
i t i e s . The results of i n i t i a l te s t measurements on 1400 smears show 
a missed positive rate of 3.3% and a false alarm rate of 22.9%, when 
screening for s l ight dysplasia and above. All moderate dysplasias 
and more severe epithel ia l abnormalities were correctly classified as 
"posit ive". The results of the field tes t show that the present 
BioPEPR system is capable of increasing the effective screening power 
of a cytoanalyst by a factor of 4 to 5. A further analysis of the 
age distr ibution of the false alarms showad that a large proportion 
came from women above the age of 50; the false alarm rate vras 18.5% 
for women under the age of 50. The field tes t i s currently being ex­
tended, with the goal of preparing and analyzing a total of 10,000 
snears. In addition poss ib i l i t ies for reducing the false alarm rate 
are being investigated. 
The next phase in the BioPEPR project i s to investigate how the 
BioPEPR system can be developed into a fully operational c l inical 
system. The photographic procedures and the BioPEPR i tse l f are 
already sufficiently automatic to be used on a large scale basis . A 
second generation version of the camera and of BioPEPR will be some­
what more streanlined and less expensive than the research version. 
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St i l l to be developed is a series of devices to automatically pre-
pare, s tain, and coversiip the smears. 
If the BioPEPR were to be put into use in a population wide 
screening program, one possible organization strategy would be to 
have a number of BioPEPR systems, each serving several existing labo-
ra tor ies . Smears vwuld be taken, prepared, and photographed at the 
cytologic laboratories, and the ro l l s of undeveloped film vreuld be 
sent to the BioPEPR instal la t ions to be developed and scanned. A 
l i s t of snears that BioPEPR classified as "suspect" would be sent 
back to the cytologic laboratory for screening of the original slides 
by the cytoanalysts. 
A rough estimate of the preparation and screening costs of scan-
ning smears in a large scale application using BioPEPR shows that the 
total analysis cost per anear would be about half of the present 
screening costs per anear. A population-wide screening program in 
the Netherlands for women over 20 years of age to be screened every 
two years v«uld require an almost fourfold increase in the nunber of 
anears scanned per year, from 800,000 to 3,000,000 smears. With the 
help of BioPEPR this goal could be achieved within the limit of the 
present capacity of cytological analysts, and with a number of addi-
tional technicians to handle the smear taking and analysis apparatus. 
The BioPEPR system is a tool which allows high speed, objective 
quantification of biological images, with the capability of being 
used in large scale applications. Investigations are currently being 
made as to the usefulness of BioPEPR in other biomedical applications 
besides the prescreening of cervical anears; so far the possibi l i -
t ies look broad. 
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Satienvatting 
In dit proefschrift wordt verslag gedaan van de ontwikkeling van 
een systeem voor de geautomatiseerde analyse van celpreparaten van 
het slijmvlies van de baarmoederhals (cervixuitstrijken). De opzet 
van dit systeem is om de preparaten met normale cellen, dus zonder 
afwijkende elementen geautomatiseerd te selecteren, waarna 
uitstrijkpreparaten, waarin wel afwijkende cellen voorkomen of 
waarvan de celsamenstelling op enigerlei wijze afwijkend is, met 
behulp van conventionele lichtmicroscopische technieken kunnen worden 
onderzocht. Het BioPEPR systeem (Biological Precision Encoding and 
Pattern Recognition) is opgebouwd rond een door een computer 
gestuurde kathodestraal scanner die voor patroonanalyse gebruikt 
wordt in de bellenvat fysica. Het BioPEPR systeem betreft een 
aanpassing van dit scanningsysteem voor patroonanalyse in 
celmateriaal. De hier beschreven ontwikkeling van het BioPEPR 
systeem omvat preparaat bereidingstechnieken, de ontwikkeling van een 
specifieke kleuringstechniek, van een geautomatiseerde fotocamera, 
van de instrumentatie voor de scanning, en van de computer 
programmatuur. 
De laatste 20 jaar is veel onderzoek verricht naar de 
mogelijkheden van een geautomatiseerde analyse van celstrukturen, met 
name naar geautomatiseerd onderzoek van celmateriaal van de 
baarmoederhals. In het kader van dit onderzoek werden een aantal 
systemen ontwikkeld waarvan er echter nog geen enkele een klinische 
toepassing heeft gevonden. 
Bij de verschillende automatiseringsonderzoeken is overduidelijk 
gebleken dat conventionele preparaat bereidingsmethoden onbruikbaar 
zijn, omdat in de hierbij verkregen celpreparaten naast een geheel 
onregelmatige verdeling en het in meerdere lagen gelegen zijn van de 
cellen regelmatig grote celgroepen en kleine weefselfragmenten 
voorkomen. Het is onmogelijk om deze objecten met een 
geautomatiseerd systeem te scannen. Bij de opbouw van het BioPEPR 
systeem is zeer veel aandacht besteed aan de ontwikkeling van een 
preparaatbereidings- en kleuringstechniek om celmateriaal van de 
baarmoederhals geschikt te maken voor geautomatiseerde scanning. Dit 
onderzoek heeft geleid tot een preparatiemethode waarbij de verkregen 
preparaten niet alleen geschikt zijn voor geautomatiseerde analyse, 
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naar ook /oor lictitmicroscopisch onderzoek. Daarbij kan de bewerking 
op zodanig eenvoudige en snelle wi]ze uitgevoerd worden dat 
toepassing op grote schaal mogelijk is. 
Het van het baarmoederhalsslijmvlies afgestreken celmaterlaai 
wordt niet zoals gebruikelijk uitgestreken op een objectglas, maar in 
een preserverende vloeistof gebracht. Deze celsuspensie wordt daarna 
door een peristaltisch werkende pomp geleid ("syringed") waarbij de 
in groepen gelegen cellen door de wervelende vloeistofstroom 
losgemaakt worden. Na telling van het aantal cellen in de suspensie 
wordt deze door verdunning op de gewenste celconcentratie gebracht. 
Wanneer van deze celsuspensie enkele druppels op een objectglas 
worden uitgestreken verkrijgt men een preparaat met een minimum aan 
celgroepen en over elkaar gelegen cellen. 
Het aldus gemaakte celuitstnj k-preparaat wordt gekleurd volgens 
een speciaal voor het BioPEPR syteem ontwikkelde procedure. Deze 
kleuring vormt een combinatie van de Feulgenkleunng met Thiomne als 
het Schiff-reagens en Congo Rood als eiwitkleuring. Deze kleuring 
waarbij het kern-DNA en het cytoplasma-eiwit duidelijk verschillend 
gekleurd worden is beter reproduceerbaar en geeft een beter contrast 
dan de gebruikelijke kleuring volgens de Papanicolaou-procedure. De 
preparaten zijn geschikt voor lichtmicroscopisch onderzoek. 
Bij het ontwerpen van de apparatuur voor het BioPEPR systeem 
vormde de wenselijkheid van toepassing op grote schaal een 
belangrijke overweging. Door een combinatie van een optische lens 
met een hoog oplosssend vermogen, zoals toegepast wordt bij de 
aanmaak van geïntegreerde schakelingen, van negatieffilm met een zeer 
hoge resolutie en van nieuwe ontwikkelingen uit de kathodestraalbuis-
technologie werd bereikt dat "gezichtsvelden" onderzocht kunnen 
worden waarvan de oppervlakte tot 200 maal groter is dan bij andere 
scanmngsystemen wordt bereikt. Deze ontwikkeling omvat tevens de 
bouw van een geautomatiseerd fotocamera systeem waarmee 
"gezichtsvelden" van 6 bij 8 trm op het objectglas op negatieffilm van 
70 imi breedte vastgelegd kunnen worden. 
De BioPEPR kathodestraalscanner zelf heeft een "sweep mode" 
waarmee het mogelijk is met een snelheid van 1000 cellen per seconde 
cellen te lokaliseren en hiervan de kernoppervlakte te meten. Daarna 
kan de BioPEPR scanner met puntmetingen, "strobe mode", de optische 
dichtheid van de op deze wijze gelokaliseerde objecten zeer 
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nauwkeurig meten. Bij de opbouw van het BioPEPR systeem is voorts 
veel programmatuur ontwikkeld om tijdens het verloop van de metingen 
snelle terugkoppelingen tussen de apparatuur en de onderzoeker tot 
stand te kunnen brengen. 
Bij de analyse door de BioPEPR worden verschillende 
morfologische kenmerken van de cel en de kern gemeten on na te gaan 
of deze normaal of abnormaal zijn. Het scanningsysteem kan cellen 
geheel geautomatiseerd lokaliseren. Van deze cellen worden naast 
kernoppervlakte en kernvorm, de verhouding van de kernoppervlakte tot 
de oppervlakte van het cytoplasma (de kern-cytoplasma verhouding) en 
de geïntegreerde optische dichtheid van de kern gemeten. Daarnaast 
omvat het BioPEPR systeem weliswaar eenvoudige maar zeer effectieve 
meetprogramma's om objecten als vreemdlichaam te herkennen. Zo ook 
kunnen samengeklonterde celkernen of witte bloedcellen en cellen die 
elkaar met het cytoplasma-lichaam overlappen herkend worden. 
De meetprogramma's worden opgeroepen volgens een trapsgewijze 
beslissingsstrategie die een snelle maar accurate classificatie van 
de cellen mogelijk maakt. Voor deze stapsgewijze procedure is 
gekozen om door snelle maar relatief nauwkeurige meting van de 
kernoppervlakte van een cel de meerderheid van de niet afwijkende 
cellen te kunnen identificeren, zodat dan 80 tot 90% van de elementen 
in een uitstrijkpreparaat niet nader geanalyseerd behoeft te worden. 
Pas als uit deze snelle meting van de kernoppervlakte blijkt dat 
het gemeten object mogelijk een abnormale cel betreft worden de 
overige meetprogramma's opgeroepen om te analyseren of het object in 
kwestie niet toch een normale cel betreft dan wel een abnormale cel, 
een vreemdlichaam, een groep elkaar overlappende cellen of witte 
bloedcellen. 
Met het aldus ontwikkelde BioPEPR systeem zijn metingen verricht 
aan individuele cellen en aan volledige celpreparaten. De metingen 
aan individuele cellen zijn in hoofdzaak uitgevoerd om de, voor de 
verschillende beslissingsniveaus in de trapsgewijze selectieprocedure 
(beslissingshiërarchie) optimale grenzen te bepalen. Nadat deze 
niveaus nauwkeurig bepaald waren werden de hiermee verkregen 
beslissingsstrategieën toegepast op celpreparaten. 
Bij het meten van volledige uitstrijkpreparaten wordt het 
BioPEPR systeem onder meer realistische omstandigheden getoetst. 
Dit, vanwege de niet homogene celverdeling in een uitstrijk, de 
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verschillen in celsamenstelling tussen de uitstrijkpreparaten en het 
voorkomen hierin van vreemdlichamen en van, soms grote aantallen 
witte bloedcellen. Een eerste onderzoek (feasibility study) werd 
uitgevoerd aan 192 volledige uitstrijkpreparaten. Daarbij kon 
aangetoond worden dat het BioPEPR systeem in staat is voldoende 
onderscheid tussen verschillende celtypen te maken en met voldoende 
nauwkeurigheid vreemdlichamen te herkennen om als basis te kunnen 
dienen voor een practisch toepasbaar prescreening systeem. Om de 
nauwkeurigheid en de doeltreffendheid van het BioPEPR systeem 
diepgaand in een grote serie preparaten te onderzoeken werd een 
proefonderzoek gestart dat parallel verliep aan het in de regio 
Nijmegen uitgevoerde bevolkingsonderzoek op 
baarmoederhalsafwij kingen. Bij analyse van een eerste serie 
preparaten uit dit onderzoek bleek het percentage fout negatieve 
bevindingen 3.3% te bedragen en de "voor nader onderzoek 
geselecteerde" normale preparaten ("false alarms"), 22.9% te omvatten 
van het totaal aantal normale preparaten. Hierbij was de 
gevoeligheid van de screening afgestemd op de detectie van geringe 
dysplasie. Alle matige dysplasieën en de ernstiger 
epitheelafwij kingen werden als "positief" gesignaleerd. Uit deze 
onderzoeksresultaten volgt dat het BioPEPR systeem in zijn huidige 
vorm de effectieve screeningscapaciteit van een cyto-diagnostische 
analiste met een factor 4 a 5 zou kunnen verhogen. Bij een 
uitsplitsing van de "voor nader onderzoek geselecteerde preparaten" 
naar leeftijdsklasse van de vrouwen bleek dat een aanzienlijk aantal 
"false alarms" voorkwam boven het 50 jaar. Het percentage "voor 
nadere onderzoek geselecteerde preparaten, "false alarms", was 18.5% 
bij vrouwen jonger dan 50 jaar. 
Het proefonderzoek zal in een volgende fase uitgebreid worden 
tot 10.000 onderzoeken. Daarnaast wordt nagegaan in hoeverre het 
percentage "false alarms" teruggebracht kan worden. 
In een volgende fase van de ontwikkeling van het BioPEPR project 
zal onderzocht worden of het BioPEPR systeem in een practisch 
bruikbare vorm kan worden gebracht. De automatische camera, de 
fotografische procedures en de BioPEPR scanning apparatuur zijn reeds 
in voldoende mate geautomatiseerd voor toepassing op grote schaal. 
Een tweede versie van de automatische camera en de BioPEPR scanner 
kan eenvoudiger van uitvoering zijn en daardoor ook minder kostbaar 
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dan de onderzoeks-versie. Noodzakelijk is nog de ontwikkeling van 
apparatuur voor de geautomatiseerde vervaardiging en kleuring van de 
preparaten; ook het afwerken van de preparaten door het opbrengen 
van een dekglas zal geautomatiseerd moeten worden aangezien deze 
procedure thans nog te arbeidsintensief is. 
Bij toepassing van de BioPEPR procedure bij 
bevolkingsonderzoeken op grote schaal zou als mogelijke 
organisatievorm gedacht kunnen worden aan de centrale opstelling van 
een of meerdere BioPEPR systemen met voor ieder van deze systemen 
meerdere decentraal opgestelde toeleverende laboratoria. De 
celpreparaten zouden dan in deze decentraal opgestelde laboratoria 
bewerkt en gefotografeerd worden, waarna slechts rollen negatieffilm 
naar het centrale BioPEPR systeem verzonden zouden behoeven te worden 
voor de scanning. Vanuit de BioPEPR centrale zou dan een lijst van 
"voor nadere screening geselecteerde preparaten" geretourneerd 
worden. De oorspronkelijke preparaten, nog aanwezig in het 
decentrale laboratorium, dienen dan door de cytologische analisten 
lichtmicroscopisch te worden onderzocht . 
Een voorlopige schatting van de kosten verbonden aan het scannen 
van grote aantallen preparaten komt uit op een kostprijs per 
geanalyseerd preparaat die ongeveer de helft bedraagt van de huidige 
kostprijs van een cervixuitstrijkpreparaat. 
Een landelijk bevolkingsonderzoek uitgevoerd om het jaar bij 
vrouwen ouder dan 20 jaar zou thans een ongeveer viervoudige 
verhoging van het jaarlijks aantal onderzochte preparaten vereisen, 
zodat het aantal onderzoeken zou stijgen van 800.000 tot 3.000.000. 
Met behulp van het BioPEPR systeem kan deze capaciteitsverhoging 
bereikt worden met de inzet van het huidige aantal cytodiagnostische 
analisten. Voor het afnemen van de afstrijken en het maken van de 
preparaten zou wel een groter aantal technische laboratoriumkrachten 
nodig zijn. 
Het BioPEPR systeem biedt de mogelijkheid om bij toepassing op 
grote schaal met hoge snelheid objectieve metingen te verrichten aan 
biologisch materiaal. Naast het onderzoek van celmateriaal van de 
baarmoederhals worden ook andere toepassingsgebieden voor het BioPEPR 
systeem onderzocht. De mogelijkheden hiervoor lijken veelvuldig. 
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S T E L L I N G E N 
I 
Bij het gebruik van medische technologie wordt heden ten dage onvoldoen-
de gelet op de sociale en economische gevolgen. 
II 
De voordelen van strak omschreven richtlijnen voor het definiëren, verzame-
len en interpreteren van medische gegevens zullen de nadelen hiervan verre-
weg overtreffen. 
I l l 
"Flow" systemen voor het "prescreenen" van celmateriaal van het slijmvlies 
van de baarmoederhals zullen nooit klinisch toepasbaar blijken. 
P.F. Mullaney et al., The Automation of Uterine Cancer Cytology, 1976. p. 90. 
IV 
De conclusie van Nasiell et al. over de geringe waarde van quantitatieve DNA 
metingen bij het bepalen van de progressie-kans van premaligne laesies is ge-
baseerd op een verkeerde kleur- en meetmethode. 
K. Nasiell et al.. Anal. Quant. Cytol. 1: 103-106, 1979. 
V 
Bij de cytologische beoordeling van cervix uitstrijkpreparaten wordt de 
"kwaliteit" van het celmateriaal te weinig in aanmerking genomen. 
VI 
Het gebruik van geavanceerde data-analyse technieken zou het toepassings-
gebied van witte-bloedcel differentiatie apparaten aanzienlijk vergroten. 
R.V. Rosvoll et al.. Am. J. Clin. Pathol. 71: 695-703, 1979. · 
VII 
De door Albrow et al. gebruikte methode om ¡nciusieve vector-meson pro-
ductie af te schatten, introduceert nieuwe tekortkomingen zonder deze van 
voorgaande methodes op te heffen. 
M.G. Albrow et al., Nucl. Phys. B155: 39-51, 1979. 
VIII 
Bij de Inbouw van microprocessoren in bestaande apparaten is het goed-
koper en sneller reeds aanwezig personeel met de techniek van micropro-
cessoren vertrouwd te maken dan externe microprocessor-deskundigen aan 
te stellen. 
IX 
De nadruk waarmee een Nederlander zegt dat hij Amerikaanse gebak te zoet 
vindt is evenredig met het waarneembare genoegen waarmee hij ervan eet. 
X 
Het Nederlandse begrip "gezellig" valt niet in het Engels te vertalen. 
Nijmegen, 23 november 1979 David J. Zahnlser 


